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Preface 


Milk and products made from it affect the lives of a large proportion of the 
world’s population. Many dairy products are consumed at times and places 
far removed from the point at which the milk was produced. This is made 
possible by the chemical and physical treatments and fractionations applied 
to milk by modern technology. These treatments are designed to preserve 
the nutritional value of the milk constituents in the form of palatable prod- 
ucts. As food technology in general becomes more advanced and more 
sophisticated, there is less need for specific commodity technology; on the 
other hand, there is more need for specific knowledge of raw materials and 
the effects of various processing treatments on them. 

In this book we attempt to present a reasonably complete and integrated 
picture of the chemistry and physics of milk. The book is intended as a text 
and general reference for students and others who are interested in the 
various aspects of production, processing, inspection, and nutritive value of 
milk. It deals almost exclusively, except for comparison of the nutritive 
values of bovine and human milks, with milk of domestic cows. Our aim is 
to describe the milk system in terms of composition and physical structure, 
properties of the constituents, and chemical and physical changes that occur 
during storing and processing. We deal with the principles of dairy processes 
but do not discuss products such as butter and cheese, which differ greatly 
from milk; separate volumes would be required for each. 

The discussion of chemical changes includes some biochemical processes; 
biosynthesis and secretion of milk are dealt with in an introductory chapter 
as a background for understanding variations in composition and structure. 
Some aspects of the book should be valuable to microbiologists, although 
microbiological problems are not treated systematically or exhaustively. We 
consider processes and structures not involving transfer of electrons as 

vll 
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: include phenomena that might be designated “P''y*- 


■•physieai;- Thu^ we p,,„„„ena are de- 

"n more dtu " greater rigor than in any pmvious treatment 
on^slel No doubt, many readers wiU find this sect, on more d.fflcul 
than the others. We think that this situation arises, in part, because past 
courses in tod science have emphasized chemical more than physical pi^in- 
ciples and, in part, because we, at least, know of no way to simplify the 

treatment without sacrificing rigor. ,k. 

One chapter is a summary and critique of methods for analysis oj 'he 
composition of milk, but we have not dealt to any extent with specialized 
analytical methods that might be used as research tools in the study of milk 
and ils constituents. 

We present the book in the style and format of a text, not as a monographic 
review of literature. Thus, direct references^ citations of literature, and tab- 
ulations of actual detailed data are omitted. Suggested literature for supple- 
mentary reading is ©ven at the end of each chapter*, tables and figures are 
constructed on the basis of our interpretation and integration of available 
data; and a large amount of factual data ate presented in the appendices. 

The literature of milk chemistry and physics is vast; indeed, in some 
aspects it is nearly overwhelming. Many facets of the subject are, however, 
still controversial. We feel that elimination of controversial issues would 
unduly restrict the coverage we wish to attain. In such cases we have not 
attempted to present all points of view but have selected those that seem in 
best accord with experimental data and basic science and have expressed 
them with qualifying phraseology. 

The level of treatment demands a knowledge of mathematics through 
simple calculus, and introductory organic, physical, and biological chem- 
istry. For the benefit of those who may not be familiar with the physical 
chemistry of colloids and surfaces, a chapter on basic aspects of the subject 
is included. 

We gratefully acknowledge the help and encouragement given us by the 
following people, who have read and critkiaed drafts of one or more of the 
(Ede), Dr. V. A. Bloomfield (St. 
S n * p' i’ Dr. D. T. Davies (Ayr), Dr. H. van Duin 

(sf ■ f v’Vc'i' Paul), Dr, L. M. Henderson 

(Si. Paul) Dr 1 Hiddink (Ede), M. C. van der Haven (Wageningen) Dr 
C. Holl (Ayr). Dr. M. Karel (Cambridge, Mass.), Dr. J. Koeman (Wagen- 

r^’nuw. It ■ (Cmcinnali). Dr. A. Noomen (Wageningen) Dr 

fpd 1 n S- P™™ (San Diego). Dr T A J Pavens 

“hmidUMe) dT Tw (Madison)', br D G. 

A. wTu;uwardem & (Ede). R. 

Vos (Wageningen), H. Wem^ (Hmer^dra;:jr;Tde 
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List of Units and 
Symbols 


For the most part numerical data given in this text are expressed in the 
International System (SI) of Units. Basic units in this system are: 


Quantity Name Symbol 


Length 

meter 

m 

Mass 

kilogram 

kg 

Time 

second 

s 

Electric current 

ampere 

A 

Temperature 

kelvin 

K 

Amount of substance 

mole 

mol 


Important derived units used herein are as follows: 


Quantity 

Name 

Symbol 

Expression in Basic Units 

Force 

newton 

N 

kg-m-s"^ 

Pressure 

pascal 

Pa 

kg-m"''S“^ 

Energy 

joule 

} 

kg-m^-s~2 

Electromotive force 

volt 

V 

kg-m^'A“'-ni-3 

Electric conductivity 


A-v"'-m~' 

A^-sr-kg-'-m”’ 


The recommended prefix symbols M, k, m, fx and n arc used respectively 
for powers of 10*, 10\ 10~^ 10~* and 10"’ of the units. 

xvtl 





jjyjjl List of Units and Symbols 

Some lengths are given in Angstroms (I0'‘® m); symbol A. Temperature 
levels are given in degrees Celsius (®C) and masses often in grams (10"’ kg). 
Volumes are in liters (10"^ m’) in a few cases. Concentrations are usually 
in mass units per kilogram, but for some purposes molar concentrations 
(moWiter'" ‘ = kmobm"^) are used. The latter are called molarity and sym- 
bolized A/. 


Some Conversions of SI Units 

Mass density: 1 kg-m”^ = 10~’ g/ml 

Pressure or stress: 1 MPa = 10^N*m"^= 10 bar (atm) = 145 psi 

Surface tension: 1 mN-m“' = 1 dyne/cm 

Energy: 1 J = 0.239 cal * 10’ erg 

Viscosity: 1 mPa*s = 0.01 Poise » I cP 

Frcciuently Used Symbols for Properties 

A Area 

a thermodynamic activity; acceleration 
a* water activity 
c concentration; constant 
d diameter 

dv, volume— surface average diameter 
n refractive index 
p pressure 
/ time 

T temperature (in K if unspecified) 
y surface or intcrfacial tension 

r surface excess (quantity adsorbed per unit area) 
t; viscosity •' 

A wavelength 
P mass density 
<r standard deviation 
volume fraction 
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Outline of Milk 
Composition and 
Structure 


Milk is a complex fluid containing many components in several states of 
dispersion. Understanding its properties and the many changes that can 
occur in it requires knowledge of all of the components and their effects on 
one another. This chapter presents a general overview of the components 
of milk and their physical states of dispersion, introduces some terms and 
definitions, and points out pitfalls that are sometimes encountered. The 
chapter is intended to make the rest of the book easier to understand; most 
of the subjects are discussed in greater detail in other chapters. 

Milk is the secretion of the mammary glands of mammals and is intended 
for nutrition of the young. In this book, unless otherwise stated, the word 
milk is used for the mammary secretion, excluding colostrum, of healthy 
cows {Bos laiiriis and Bos indicns). 


1.1 PRINCIPAL COMPONENTS 

The composition of milk determines its nutritive quality, its value as a raw 
material for making food products, and many of its properties. A rough 
classification of the principal constituents of milk with approximate per- 
centages of contents is given in Table 1. 1. The principal components are 
those present in the largest concentrations; they are not necessarily the most 
important ones in all respects. For instance, the vitamins, which are present 
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Outline of MUk Composition and Structure 
Table 1 .1 . Approximate Composition of Milk* 


Component 

Average 

Content 

Percentage 

(w/w) 

Range'’ 

Percentage 

(w/w) 

Average 

Percentage 

of 

Dry Matter 

Water 

87.3 

85.5-88.7 


Solids-not-fat 

8.8 

7.9-10.0 

69. 

Fat in dry matter 

31. 

21. -38. 


Lactose 

4.6 

3.8-5.3 

36. 

Fat 

3.9 

2.4-5.5 

31. 

Protein 

3.25 

2.3-4.4 

26. 

casein 

2.6 

1. 7-3.5 

20. 

Mineral substances 

0.65 

0.53-0.80 

5.1 

Organic acids 

0.18 

0.13-0.22 

1.4 

Miscellaneous 

0.14 


I.l 


taM^“l"sts"o?Sorati«^ 

tribute markedly to the taste of milk M„r, • ? components con- 

ponents is in tLo 1 1 in thf resLTvrchf ™ 

the appendix, chapters on components, and in 

cnlV‘;^:m^es“'if,^^^^^^^ carbohydrates are present 

galactose 'rgivesmilkashgh,t“t"e«'Sfuis^^^^^^^^^ 

^ m H f ”, “'ccoorganisms that gr^ i„ Jif s^cce 

consists of numerous different HnMs m u 
« s made up of triglycerides. Other linid^that^ • More than 98% of milk fat 

d-glycerides. free fatty acids. phosohoS^"" ^^o’«terol, 

?rins Pecteins Mi,n“,P™'"“^- cepresenl 

5^or the nUr^'" r “““ever, i, shomd'h'' '' ’""'‘^'^■"8 total ni- 
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The minerals in milk are mainly inorganic salts, partly ionized and partly 
present as complex salts. Some inorganic matter is bound covalently, such 
as phosphate groups in caseins. Often, milk is ashed to determine “salt 
content.” Ash does not represent milk salts truly because organic salts are 
destroyed by ashing and some nonsalt components (e.g., sulfur of amino 
acids) contribute to ash. Milk contains numerous other elements in trace 
quantities. Salts of organic acids occur in fresh milk; citrate is the principal 
one. 

Milk has many miscellaneous components. For example, all vitamins are 
present. As analytical techniques improve, more components are being 
identified. 

Altogether, milk probably contains on the order of 100,000 different mo- 
lecular species, but most of these have not been identified, let alone isolated; 
their existence can be inferred only from a reaction or other circumstantial 
evidence. Even for an identified substance, it is sometimes not known whether 
it is present as a separate component or as a building block of a larger 
molecule. Different methods of determination may give somewhat different 
results. 

Sometimes, common terminology is not entirely clear. For instance, the 
“lysine content of milk” usually would mean the lysine residues of the 
protein rather than the minute quantity of free lysine present. The same 
holds true for numerous other substances. It is not correct to speak of “NaCl 
content” of milk because milk contains predominantly Na and Cl ions, either 
free or bound. “Phosphorus content” usually would mean P present as 
phosphate, either inorganic (free) or organic (bound by ester bonds to an 
organic constituent). Caution often is needed in interpreting the terminology 
used in reference to milk and its components. 


1.2. STRUCTURE 

The properties of a biological material are not determined fully by its com- 
position, and milk is no exception. The physical structure (i.e., the arrange- 
ment of the components in space) must also be known. Furthermore, the 
interactive forces between components arc important; they determine the 
integrity of the whole system under various conditions. This is discussed in 
Chapters II-I4. In this section, wc will concentrate on structure. 

hlilk has a relatively simple and well-studied structure. The main struc- 
tural elements are shown schematically in Figure 1. 1. They arc microscopic 
or submicroscopic in scale: wc are not considering molecular structure at 
this point. Some properties of the structural elements of milk arc given in 
Table 1.2 in a somewhat simplified form; the numerical data arc meant only 
to define orders of magnitude. 

Fat globules in milk arc more complicated than simple emulsion droplets 
because of their membrane. This is unlike an adsorption layer: it is derived 




njttre l.l» viewed at differeot nsa^nificalions. Hjc picture indicates the relative size of 
structural elrtienlj. (A)>Ugnified x 5, Uojform liquid. However, the liquid is tuitiid and thus 
cannot be botnogeneous. CB) Magnified x 500. Spherical droplets, consisting of fat. These 
^obules ftoat in a Bqaid— plasma— this » still luittd. tC) MagniSed x 50,0CO. The plasma 
contains proteinaceous particles, casein micelles. The remaining serum is still opalescent (so 
it must tontajrt other panklcsl- The fat globules have a thin outer layer — membrane— of dif- 
ferent constitution. From H.hlulderand P. Walstra, The MiikFat GlobuU (Wageningen: IHidoc. 
1914). 


fmrn, but not identical to, the apical membrane of the mammary secretory 
cell, (Sec Section 2.43.) The mass of the membrane is about 2% of that of 
the total fat globules. U consists mainly of polar lipids and proteins, and it 
includes many enzymes, Millc fat and fat lobules are not identical, because 
about half of the membrane is not lipid material and about 0.4% of the fat 
of milk is found outside the globules. 
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Milk minus fat globules is called milk, plasma It is almost but not quite 
equal to separated milk (skim milk), separation is never complete In this 
book, plasma and serum will refer to physical fractions of milk — not blood — 
although these terms were coined m reference to blood plasma and blood 
serum 

Casein micelles consist of water, casein, salts, and some minor compo- 


Table 1.2. Properties of the Main Structural Elements of Milk, 
Including Approximate Numerical Values 





Plasma 



Fat Globules 

Casein 

Micelles 

Serum 

Globular Lipoprotein 

Proteins Particles 

Mam 

Lipids 

Casein, water. 

Serum 

Lipids, 

components 


salts 

proteins 

proteins 

To be 

Emulsion 

Fine 

Colloidal 

Colloidal 

considered as 


dispersion 

solution 

dispersion 

Content (% dry 
matter) 

38 

28 

06 

-0 01 

Volume fraction 

0 042 

-0 06 

0 006 

-0 0001 

Particle 

diameter" 

0 1-10 fim 

10-300 nm 

3-6 nm 

-10 nm 

Number per ml 

I0“> 

lO" 

lO'i 

10« 

Surface area 
(cm7ml milk) 

700 

40,000 

50,000 

100 

Density 
{- 20"C) (g/ml) 

0 92 

1 11 

1 34 

1 10 

Visible with 

Microscope 

Ultra 

microscope 

(Electron 

microscope) 

(Electron 

microscope) 

Light 

scattenng 

Very turbid, 
white 

Turbid, 

bluish 

Light haze 

Negligible 

Separable with 

Dairy 

High speed 

Gel 

Gel 


separator 

centrifuge 

filtration 

filtration 

Filterable 

with 

Fine sintered 
ghss 

Chambcrland 

filter 

Cellophane 

Cellophane 

Diffusion rate 
(mm in \ h) 

~ 

0 1-0 3 

06 

04 

riacculalion 

By “agglutinin** 
m the cold 

By acid or 
b> rennet 

B> heat 


Uoclccinc pH 

-3 8 

-4 6 

4-5 5 

~4'> 


*1 mm ■* to' fim “ lo* nm 10' A 

I or companron mml molecules and ions In sotalion are 0 4-10 nm diameter and diffuse in 
iSe order of s nm tn 1 h 
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Outnne of Milk Composition and Structure 


nenls including lipase and proteinase. A trace of the casein is in solution, 
not in the micelles. Casein binds cations fairly strongly, notably Ca and Mg 
ions at the pH of milk (-“ 6.7); thus, it is said to be present as a caseinaic. 
Casein micelles contain amorphous calcium phosphate and a small amount 
of citrate. This often is called colloidal phosphate, not because it is present 
in a separate colloidal state but because it is part of colloidal particles. The 
whole is called calcium-caseinate calcium-phosphate complex. Actually, 
the name micelle for the aggregate may be a misnomer; it is not a micelle 
in the colloidal sense. Nevertheless, the term is used widely, and we will 
employ it in this book. 

Casein micelles are built of smaller particles called subunits or submi- 
celles. These are roughly sperical and on the order of 10 nm in diameter. 
Water— or, strictly speaking, milk serum— occupies the space between sub- 
units. The micelles have an open structure and contain at least 1.5 g of water 
per gram of protein. 


Milk serum is defined as milk plasma minus casein micelles. Removal of 
the micelles from skim milk by clotting with rennet yields the liquid called 
whey. It is not quite equivalent to milk senim, mainly because it contains 
some polypeptides cleaved from casein by rennet. 

\Vhey proteins are those present in whey. Strictly speaking, the nonmi- 

but 'his term is not 

orl 1 n^ '' proems are mainly globular proteins, present as such 
or as small oligomers. They bind some counterions (cations) and a little 


form the basis fo! raStag ihTcomMVr'^' ^ r'* eomposition. Such data 
by separation or other proSsingSems"-?^-™’*^ “bt-ta^-* 

ion. because several complications may arise-!^'^ 


• ^®^position and siructiir** 

Separation may be incomplete 

elem^ts'"'"’ ““ons, may be partly adsorbed onto struc 

is available as a solvent. 



Tatble 1 .3. Composttion And Stnichire of Milk, ApproxlmAte 
AvcMge QuAntHles In I kg Milk 
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Outline of Milk Composition and Structure 
1.3. SOME PROPERTIES 


Milk contains more water than any other constituent, and the aqueous part 
constitutes the continuous phase. Thus, the properties of milk arc primarily 
those of an aqueous system. 

Polar substances dissolve well In milk. The low viscosity of milk (about 
twice that of water) enables it to be mixed easily, even by convection currents 
caused by relatively small temperature gradients. Because the structural 
elements are so small, diffusion into or out of them is achieved within a 


second. This implies a very rapid partition equilibrium between fat globules 
and plasma or between casein micelles and serum. It also means that apolar 
substances, especially volatiles, can be taken up by milk easily, because 
they are soluble in the fat globules; this is especially important for the uptake 
of odorous components from the air. 

The substances dissolved in water give milk its osmotic pressure (- 700 
kPa)^ freezing point depression (- 0.54 K), electrical conductivity 0.5 
A-V '-m '), pH (~ 6.7), ionic strength (~ 0.08 molar) and water activity 


Milk can be modified easily. It has many components tliat can react, and 
many chemteal changes take place particularly when milk is heated. Delib- 
erate chemteal modifications of milk seldom are used in dairy practice En- 
w? n -i^rrgSs grow 

ronditio^s a “"d Other favorable 

conditions (pH, a*, redox potential). Hence milk ran k* j • 

ssssips 

concentration, dryine membrane lood industry, such as 

plied. With these and some physical tran5ro'm^"'^ Prystallizalion. can be ap- 
“ MilkUh''hl™'' from 

H has a fairly bland laste;’it is slfchOv^ ' of them in significant 
slightly sally from milk salts- some minnr ^ sweet from lactose and 

•IS. some minor components contribute to its flavor. 




P™pXl'l;:’i“ constant in composition ar 

Changes occurring after the^m^k'LX: dra^’ ‘ ' 
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Natural vanation may liave the following causes 

1. Genetic, between breeds of cow or between individuals 

2. Physiological, particularly stage of lactation, and also age of cow, 
estrus, and gestation 

3. Environment, particularly feed, and also climate and stress 

These vanables and their effects are treated further in Chapter 9 Table I 1 
gives some idea about the vanability in gross composition The largest van- 
ations are those between cows, stage of lactation, and feed (in the case of 
milk fat) Generally, milk yield is more variable than composition. 

Milk IS handled mostly in large quantities, comprising the milkings of 
many cows Such pooling reduces the vanations The principal differences 
among lots of pooled milk are those caused by season, which is usually 
correlated with stage of lactation, and those between regions, which may 
differ in predominant breed or feeding practice 

Up to this point, “abnormal milk” has not been discussed Although the 
distinction is vague and arbitrary, “abnormality” concerns 

1 . Colostrum The first drawn secretion after parturition differs greatly 
from normal milk It has very high serum protein content, and there 
IS often some blood present 

2. Milk from a Diseased Udder, or Masuuc Milk Its composition may 
be a little nearer that of blood serum It contains many leukocytes, 
and there are several other aberrations 

3. Contaminants Entering the Milk during or after Milking These may 
be almost anything, such as disinfectants, pesticides, metal ions, plas- 
ticizers, and dust Most important is contamination with microorga- 
nisms The milk inside a healthy udder is sterile Proper milking and 
handling largely eliminate contamination, but some microorganisms 
inevitably gain entrance 

It should be noted that extraneous components also may enter milk via 
the cow, generally through the feed Some extraneous contaminants (e g , 
pesticides) may be metabolized in passage through the cow Generally, the 
cow acts as a filter for extraneous substances, but the effectiveness of fil- 
tration differs greatly with the type of component 

Large vanations may occur because the milk changes after it is drawn 
Milk IS not a system in cquihbnum. thus, it may change even if it remains 
in exactly the same condition as in the udder This makes it difficult to 
distinguish between natural and other components Conditions also change 
contamination takes place, milk becomes exposed to air and light, the tem- 
perature usually IS lowered Changes may be elassified as follow s 
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Outline of Milk ComposMon and Structure 


1. Physical changes include creaming of fat globules and crystalli7-a* 
tion of part of the fat on cooling. Fat globules may cream rapidly 
because they aggregate to loose, large floes at low temperature (the 
so-called “cold agglutination”). Air bubbles enter the milk and form 
a new structural element. They may damage the fat globules, partic- 
ularly if the fat is partially crystalline. Viscosity increases on cooling, 
partly because of the cold agglutination, partly because some casein 
diffuses out of the casein micelles. 


Chemical changes include uptake of Oj and N 2 and loss of COj. 
The oxygen may cause oxidation of some lipids and other substances, 
notably vitamin C. Also, light may induce reactions. Salt composition 
and pH vary with temperature. 

Biochemical changes arc largely enzymatic. Milk contains numer- 
ous enzymes. The best-known effects arc lipolysis (particularly if the 
fat globules have been damaged), proteolysis, and hydrolysis of phos- 
phoric acid esters. 


Microbial changes are often the most conspicuous. The mnin one 
IS souring with all of its consequences, but numerous other changes 

1“ '"8''" •""P'ralurcs (Up to 37'C). At room 
temperature, drastic changes mostly occur within a a day. At 5'C. it 
may take several days to observe significant ctfccts. 


1.5. PROCESSING 

processed® products shoVid rglU'caUed" mil™' 

treatments. '>"<=">' ">= more common processing 

other changes, 'he' cS wSdepend "“merous chemical and 
heating. Low pasteurization (e.g. 15 *^, duration of 

that kills most microorganisms aiid inactivate 

cause many other changes. High pasteurilar '^"^ynies but does not 

>"g widely) is more intense; afCmu '=-8- ^ 50“C, but vary- 

enzymes arc inactivated, part of tL\ihe “re killed, most 

to l-u u’’" “posed. Sterilizata T insoluble, and 

some enzymes are not inaetiva.ed fu^ ‘='■“"8=5; 
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Separation, usually by means of a flowthrough centrifuge called a cream 
separator, yields skim milk and cream. The skim milk has a very low fat 
content, O.OS-0.08%. Milk skimmed after gravity creaming has a much higher 
fat content. Unless stated otherwise, the term skim milk will refer to cen- 
trifugically separated milk. By mixing skim milk and cream, milk may be 
standardized to a desired fat content. 

Homogenization of milk leads to a considerable reduction in fat globule 
size. Such milk creams very slowly but is also altered in other respects. All 
sterilized milks or, more generally, all long-life liquid milk products, are 
homogenized in practice. 

Evaporation removes water, producing a more concentrated milk. Many 
properties are altered; for instance, the pH decreases. 

Membrane processes may be applied to remove water; this is called re- 
verse osmosis. Ultrafiltration separates milk into a concentrate and a per- 
meate that is rather similar to milk serum. Electrodialysis removes some 
inorganic salts. 

Fermentation or culturing of milk, usually by lactic acid bacteria, causes 
considerable alteration. Part of the lactose is converted to lactic acid, causing 
a decrease in pH to such an extent that the casein becomes insoluble. This 
makes the milk more viscous. The bacteria also produce other metabolites, 
the kinds and concentrations depending on bacterial species. 


Suggested Literature 

Several elementary textbooks on dairy chemistry have been published, and 
texts on food chemistry or dairy technology often include some material on 
subjects treated in this book. The most complete handbook is 

B. H. Webb, A. H. Johnson, and J. A. Alford, cds., Fitndanifrjtals of Dairy Chemistry, 2nd 

cd. (Westpon: AVI. 1974). 

A wide range of subjects is covered by 

C. Alais, Science rht Lait, Principes des Techniques Laitiires, 3rd ed. (Paris: SEP Edirions. 

1974). 

A Spanish edition of this book also exists. 
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2.t. THE MAMMARY GLAND 
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Figure 2.1. Diagrammatic representation of mammary secretory cell 


the lumen of the alveolus. Myoepithelial cells surround the alveolus. The 
hormone oxytocin stimulates contraction of these cells, thus squeezing milk 
out of the alveoli into the ducts. The alveoli are interconnected by an intricate 
network of ducts that lead to the milk cistern. (See Figure 2.3.) In the bovine 
gland, at least, a considerable portion of the milk secreted between milkings 
accumulates in the cistern. 

The biosynthetic and physiological processes involved in milk secretion 
have been elucidated by studies of differences in concentrations of certain 
constituents between arterial blood supplying the mammary gland and ve- 



FJgure 2.2, AmjnEcment of scemary cell* aramd at. 
>eo!ar lumen 
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figure 23. Gross stnicture of mammary gland. 


nous blood leaving it, by electron microscopy of mammary tissue at various 
stages, and by enzyme assays and radioactive tracer studies of biosynthetic 
pr(^sses in intact animals, cultures of mammary cells, and cell fractions. 

The biosynthetic processes occur at various sites in the cell. Intermediate 
compounds required for synthesis of protein, lactose, and fat arc produced 
m cytosol and nutochondnat protein and lipid are synthesized in the cn- 

S rid Posl'ranslational modification of pro- 

tei^ and assembly of casein micelles occur in the Golgi nppamlus ^ 

.-^sfe?K^y from 

thesis processes. Citrate is synthesized hf h. f®’’ sy®- 

through their membranes inlo the cyjoso^m^ ‘^"i. "1“"'’ 
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PRICURSORS or MILK CONSTITUENTS 
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Table Z.l. Relation between Some Milk Constituents 
and Their Biood Precursors 


Milk Constituents 


Precursors m Blood Plasma 



Content 


Content 

Name 

gkg ' 

Name 

gkg-' 

Water 

860 

Water 

910 

Lactose 

Protein 

46 

Glucose 

05 

casein 

26 ) 



jS-!actoglobulin 
a lactalbumm 

321 

12 

1 Ammo acids 

04 

lactoferrin 

0 1 j 



blood serum albumin 

04 

Blood serum albumin 

32 

immunoglobulins 

07 

Mostly the same 

15 

Enzymes 

traces 

Amino acids, vitamins (in part) 

— 

Fat 

1 

1 

( Acetate 

0 1 

tnglycendes 

38 1 

I 

1 B-hydroxybutyrate 

0 06 

phospholipids 

03i 


1 Some lipids 

2 

Citrate 

Minerals 

1 6 1 

1, Glucose 

05 

Ca 

I 3 

Ca 

0 1 

P 

09 

P 

0 I 

Na 

04 

Na 

34 

K 

1 5 

K 

03 

Cl 

1 1 

Cl 

35 


ingested polysacchandes, proteins, and lipids Their fermentative processes 
produce large amounts of acetate, propionate, and ^hydroxybutyrate, which 
are absorbed from the rumen into the bloodstream, and CO; and CHj, which 
are vented on eructation These microorganisms saturate (hydrogenate) un- 
saturated fatty acids from the food fat They synthesize ammo acids, in- 
cluding the dietary essential ones, proteins, considerable quantities of B 
Vitamins, and vitamin K The microorganisms themselves arc digested in 
the intestine, and their components arc utilized by the animal Dairy cows 
has e been maintained and have produced normal milk on a diet of cellulose, 
urea as a source of nitrogen, minerals, and vitamins A, D, and E 

Proteins arc hydrolyzed enzymatically in the small intestine, and the re- 
sulting amino acids are absorbed into the blood Fats, Iikcsvisc, are hydro- 
lyzcd by lipases in the small intestine, the resulting fatty acids arc recstcnficd 
in the intestinal mucosa and transferred to blood via the lymph, largely in 
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the form of chylomicrons and lipoproteins. In ruminants, little glucose is 
absorbed from the intestine. Rather, glucose is produced from propionate 
and amino acids by gluconeogenesis in the liver. 

Glucose is the sole precursor of lactose and citrate, and it is the source 
of part of the glycerol moiety of lipids. The remainder of the glycerol of milk 
lipids comes from triglycerides supplied to the cell. Acetate, ^-hydroxy- 
bulyrate, and triglyceride are the sources of fatty acid residues in milk lipids. 
The dietary essential and some of the nonessential amino acid residues of 
milk proteins come from amino acids circulating in the blood. The mammary 
cells have some capacity to synthesize and interconvert certain nonessential 
amino acids. The ATP required as a source of energy for synthetic processes 
in the cell is produced by oxidation of glucose and acetate through the usual 
citric acid cycle and respiratory chain of reactions. Reducing power in the 
forni of NADPH, required for synthesis of fatly acids, is produced from 
glucose by the pentose-phosphate pathway and by the oxidation of isocit- 
rate, formed in the citnc acid cycle, to a-keloglularate. Figure 2.4 shows 
' of precursors and output of milk constituents. 

mhcr^SrfnMs • relations no doubt hold for 

otner ruminants, including cows. 
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Approximately 500 volumes of blood are required to furnish the precursors 
of one volume of milk. The mammary gland can secrete about 2 g of milk 
per gram of tissue per day. A gram of tissue contains about 2 x 10* cells, 
and thus the output of milk is on the order of 10"* g per cell per day. 

The energy content of milk is approximately 2.7 kj-g"', and the daily 
energy output is about 5.4 kJ-g" ' of tissue. Gross energetic efficiency (energy 
of milk/digestible energy of feed) is about 35% in dairy cows, although some 
high producers attain levels as high as 48%. Dairy cows require metabolizable 
energy for maintenance in proportion to the 0.75 power of their body weight. 
The daily requirement is about 500 kj-kg"“”. For milk production, they 
need 1 .5 kJ metabolizable energy per kilojoule of milk energy secreted. Thus, 
a 500-kg animal producing 25 kg of milk daily would require 50 MJ for 
maintenance and 100 MJ for milk. 


2.3. BIOSYNTHETIC PROCESSES 
2.3.1. Upids 

The fatty acids of milk fat originate from three sources; 

1 . Preformed fatty acids from food fat transferred to the mammary gland 
via the blood and the lymph in the form of triglycerides and free fatty 
acids. For the most part, these are acids of 16 or more carbons. 

2. Acids synthesized by the gland from acetate and /3-hydroxybutyrate 
produced by rumen bacteria. Acids produced in this way have short 
and medium chains (C4-C)4 and part of the Cis). Acetate contributes 
increments to all of the C4-C14 acids and jS-hydroxybutyrate is used 
primarily for the initial four-carbon "primer" unit of most fatty acids 
synthesized. Mammary synthesis of fatty acids follows the pathway, 
common in other tissues, via malonyl coenzyme A and successive 
addition of two-carbon units. The NADPH required for reduction at 
each step is supplied partly from the degradation of glucose in the 
pentose-phosphate cycle and partly from oxidation of isocitrate, from 
the citric acid cycle, to o-ketoglutarate. The chain-length distribution 
of the fatty acids produced differs among species. Evidently, it is 
controlled by the specificity of the enzymes that remove the fatty 
acids from the synthetase complex. 

3. Acids synthesized from glucose through glycolysis, the citric acid 
cycle, and cleavage of citrate to form acetyl coenzyme A and o.xal- 
oacetate. This is not a significant source of milk fatty .acid in ruminants. 

Low-roughage diets diminish acetate and increase propionate production 
in the rumen. Milk produced by cows on low-roughage diets may have only 
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half the fat content of that from cows on high-roughage diets, and the pro- 
portion of short- and medium-chain saturated acids, which are synthesized 
from acetate, is greatly diminished. This phenomenon is referred to as the 
“low-fat syndrome.” 

Rumen microorganisms saturate (hydrogenate) the fatty acids ingested in 
food to a considerable extent. Thus, circulating lipids and depot fats arc 
highly saturated. If fat encapsulated in formaldehyde-treated casein is fed 
to cows, it is protected from alteration in the rumen and is released in the 
abomasum. Feeding a highly unsalurated oil, such as safflower oil, in this 
way results in a great increase in the C,,^ content of the milk fat. 

The mammary cells of ruminants have powerful desaturasc activity that 
inverts C,. , lo Ci, , acid. (It also desaturates C, j, to C,s , to some extent.) 
The dcsatiirase is inhibited by certain cydopropcnc acids found in the seed 
oil of some plants such as Slercula foetida. Feeding oil of this kind, cncap- 

rnntpni !,°r.h™ -iVJ f™"’ increases the saturated acid 

content of the milk fat. 

of totv'addfhv'rnm^'- of triglycerides involves activation 

phate) to form phosphatidic acid clX«r„r . I 

lase to form a l.T^diacyl su-dveiram f!t / S’’"' P'’°5phohydro- 

acylation by another moleculfo?a™y (^A fS a ’’’"f 

In ruminant milk fat, the short<ha n ^ Ind '"SlV'cnde. 
almost exclusively in the 3-position of ihl “kl groups are located 

that the short-chain acids a^ng from moiety. This suggests 

cells arc esierified with a 1 .2-digfyccn”e in ?h. ? ">0 mammary 

tndycerides. The abundant palmitate IF of formation of milk 
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All available evidence indicates that the distinctive proteins of bovine 
milk — caseins, a-lactalbumin, and /3-lactoglobulin — are synthesized on ri- 
bosomes in the rough endoplasmic reticulum by mechanisms that have been 
well established for protein synthesis in general. The code determining the- 
sequence of amino acids in proteins is located in genes (DNA molecules) in 
the nuclei of the cells. The gene serves as a template for synthesis in pro- 
cesses called “transcription” of several types of RNA molecules: messenger 
(riiRNA), transfer (tRNA), and ribosomal (rRNA). Each of {hfese plays a 
specific role in directing and controlling the synthesis of proteins of deter- 
minate sequence. Individual tRNAs are specific for each of the 20 amino 
acids that can be incorporated into proteins. They covalently bind amino 
acids in the cell as amino acyl derivatives and convey them to the ribosomal 
site of synthesis. Ribosomes consist of particles of about 55 % rRNA and 
45% protein.'Each tRNA contains a specific nucleotide triplet or anticodon, 
which is recognized by and binds to a complementary codon triplet in the 
mRNA associated with ribosomes.' This process brings the amino acid res- 
idues attached to tRNA close enough to each other so that peptide'bonds 
can be formed by an enzyme-catalyzed reaction. This process, called “trans- 
lation,” proceeds in a sequential fashion, one amino acid residue after an- 
other being attached to the growing polypeptide. Certain codons signal ini- 
tiation and termination of polypeptide chains. 

Some mRNAs specific for some of the milk proteins have been isolated 
from mammary tissue of a few species and have been shown to be capable 
of directing synthesis of those proteins in cell-free systems derived from 
other organisms. Genetically controlled variants occur in several of the bo- 
vine milk protein families. These have one or more differences in amino acid 
sequence as a result of mutations that have occurred in the genes during the 
history of the species. 

Some reactions that may collectively be called “processing” or “post- 
translational modification” occur in proteins after synthesis. Milk proteins, 
like other exported secretory proteins, are synthesized with a leader peptide 
that is later cleaved off by specific proteolysis. This phenomenon has been 
well demonstrated in the case of a-lactalbumin. The leader peptide is con- 
cerned somehow with the process of transfer of the protein in and from the 
rough endoplasmic reticulum to the Golgi apparatus. 

Another posttranslational modification is phosphorylation of certain serine 
and threonine residues in the casein. This event is catalyzed by protein 
kinases operating in the Golgi apparatus. Phosphate is transferred from ATP 
to the protein forming a -CHj-O-POjH group. The particular seryl or threonyl 
groups phosphorylated are determined by the neighboring sequence of res- 
idues. 'The phosphoryl kinase appears to recognize the sequence Scr/Thr- 
X-Glu/ScrP, cither Glu or SerP providing an anionic recognition site. 

Glycosylalion of proteins, catalyzed by glyeosyl transferases, also occurs 
in the Golgi. An N-acetylglucosaminc is first attached through its C-1 to 
cither the amide nitrogen of an asparaginyl residue or the hydroxyl oxygen 
of a seryl or threonyl residue. Additional carbohydrate units (galactosyl, N- 
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acetylneuraminyl) are then added by transfer from nucleotide sugars to form 
oligosaccharide units attached to the protein. The K-casein in bovine milk 
is glycosylated to varying extents; a smalt fraction of the a-!actalbumin and 
a rare variant of the 0-lactoglobulin also are glycosylated. 

Still another posttranslational modification is formation of disulfide link- 
ages by interaction of two cysteinyl residues either within or between poly- 
peptide chains. The site where the process occurs in the cell is not known. 
Furthermore, it is not known whether the oxidative process of forming the 
-S-S-links is catalyzed enzymatically. In cases where two or more intra- 
molecular -S-S-linkages are possible, they arc formed between specific 
cysteipyl residues ratber than at random. Evidently, the sequence directs 
the folding of the polypeptide in order to bring particular thiol groups into 
Th ir?'; n ,"' "'"''..r" f**™ -S-S-tinkages. a-lactalbumin 

th® prominent and distinctive disullidc 

Genet ^eontrnr^^^^^ ^'rPctufes and properties. 
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tact that the total protein content of milk and the proportions of individual 
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catalyze transfer of galactosyl groups from UDP-Gal to N-acetylglucosamine 
residues in oligosaccharides attached to glycoproteins. A distinctive feature 
of mammary cells is synthesis o f a unique protein, g-lactalbumi ri. which so 
modifies galactosyl transferase that it couples galactosyl groups to free glu- 
cose thus forming lacto je. T his synthe sis occursjnjhe mem branes of the 
Golgi vesic les. The rate of synthesis of lactose at the initiation of lactation 
(lactogenesisHs certainly controlled by the rate at which a-lactalbumin be- 
comes available, but the rate-limiting reaction(s) and reactant(s) during the 
further course of lactation have not been identified. 

Lactose, being nondiffusible from the Golgi vesicles, draws water into 
them osmotically and, thus, lactose synthesis largely regulates the volume 
of milk secreted. A small amount of galactosyl transferase an d LO-1.2 g of 
_qiLaclalhumir. pc lit er are secreted~into the m ilk. The a-lactalbumin con- 
tributes significantly to the nutritive value ^'tliF milk proteins because of 
its high tryptophan and cystine contents. 

2.3.4. Citrate 

Citrate is important in milk chemistry because it forms a stable soluble ion 
with Ca, thus lowering Ca^* activity, and because it is the precursor of 
aroma compounds produced by certain bacteria. 

Citrate is produced in the mitochondria of the cell in the well-known 
citric-acid cycle of carbohydrate metabolism. It diffuses to the cytosol. Mam- 
mary cells of some species (e.g., mice and rats) have in the cytosol a citrate- 
splitting enzyme, ATP-citrate lyase, which catalyses the reaction of citrate 
with coenzyme A to form oxaloacetate and acetyl CoA. The latter then can 
be used for synthesis of fatty acids. Ruminants and some other species’, 
having very low ATP-citrate lyase activity in the mammary cells, cannot 
utilize glucose for synthesis of fatty acids and, thus, citrate accumulates in 
the milk. 

The citrate content of cow’s milk declines somewhat during the course 
of the lactation period; it is slightly depressed when high-concentrate diets 
are fed, leading to the low-fat syndrome. 


2.4. TRANSPORT PROCESSES 

In normal healthy mammary tissue, tight junctions between the secretory 
epithelial cells prevent direct passage of materials between them. Thus, 
substances transferred from blood to milk must pass through the cells them- 
selves. Furthermore, precursors gain entrance through the basal membrane, 
and synthesized products Ic.avc through the apic.al membrane. Both active 
(movement against a concentration gradient) and passive (movement down 
a concentration gradient) transport arc involved. 

Mastitic milk and milk from late lactation have higher than normal con- 
centration of such blood components as scrum albumin, certain lipoproteins. 
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plasmin, leukocytes. Na*. and Cl". The nonnally tight junctions arc evi- 
dently somewhat “leaky” in these conditions, allowing a paraccllular trans- 
fer of blood constituents into the milk. 

An important feature of the function of mammary cells is the formation 
of Golgi vesicles within which lactose is synthesized, proteins accumulate 
and are “processed,” and casein micelles arc formed. (Sec Figure 2 . 1 .) These 
vesicles migrate to the apical membrane, fuse with it, and then open to the 
alveolar lumen to discharge their contents (cxocytosis). 

Fat droplets migrate through the cell separately from the Golgi vesicles, 
although some of the latter may become attached to the droplets. The forces 
responsible for migration of Golgi vesicles and fat globules have not been 
well defined, but probably the network of microtubules within the cell is 
involved in the process. 


2.4.1. Ions And Small Molecules 

“ change in 

concentrauon suggests that a Na-K ••pump" operates in the basal bul not 
n the apical membrane of the cell. Such pumps involve a Na* K*-ATPase 
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elsewhere in the body and transported via the blood and the mammary gland. 
IgA and IgM, present in bovine colostrum and found in much greater amounts 
in the colostrum and milks of other species, are produced by plasma cells 
(specifically activated lymphocytes) located in the mammary gland adjacent 
to the secretory epithelium. The routes by which these immunoglobulin 
molecules enter milk are not yet understood completely. Current evidence 
favors a transport route through the secretory cells that is highly specific 
for each class of immunoglobulin. 

Little attention has been paid to the mode of entrance of serum albumin 
into milk. It has been found in milks of all species examined for it; bovine 
milk contains 0.2-0.4 g-liter~ It seems unlikely that it enters milk by “leak- 
age” between secretory cells, except in cases of severe mastitis when its 
concentration in milk becomes much greater. 


2.4.3. Fat Globules 

Triglycerides are formed within the rough endoplasmic reticulum. The size 
distribution of the fat globules in milk indicates that two populations are 
present. (See Section 14.1.) One consists of numerous small globules below 
~ 1 pm in diameter and accounts for only 2% of the fat. The second, 
accounting for most of the fat, has a range of globular diameter of about 
1-10 pm. These populations may well have different synthetic histories. 
Globules of the second population obviously grow as they progress through 
the cell, and this growth probably arises from continuing synthesis of tri- 
glycerides at their surfaces. The globules migrate to the apical membrane 
of the cell, probably acquiring a surface layer of phospholipid on the way. 
Upon contact with the membrane, they are enveloped, the membrane is 
pinched off at the base, and the globule thus formed is released into the 
lumen. The cell membrane consists principally of glycoproteins and polar 
lipids; it contains numerous enzymes. 

Some Golgi vesicles may become attached to the globules and their mem- 
branes discharged along with the fat globules. Also, a tiny amount of cy- 
toplasm (comprising about 1 ppm of the milk) may be released into the lumen 
when the fat globule leaves the cell. The globules may remain in contact 
with the cell membrane for a fairly long period as compared to their stay in 
the cytosol. The original membrane of the milk fat globule, therefore, is 
essentially the apical plasma membrane of the cell disposed in the same 
orientation (same side out) that it had in the cell. It undergoes modification 
later. The plasma membrane lost from the cell by enveloping the fat globules 
is replaced by membranes of Golgi vesicles that have discharged their con- 
tents. Thus, a flow of membrane seems to occur from endoplasmic reticulum 
to Golgi vesicles to apical plasma membrane. One can calculate readily, 
however, that only about 1% of the membrane of the Golgi vesicles would 
be needed to cover the fat globules. 
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2.5. CELLS AND CELL FRAGMENTS IN MILK 


Bovine milk may contain 5- 10^-5- 10’ cells per milliliter. Although they were 
long considered to be mostly secretory epithelial cells, recent electron mi- 
croscopic investigations show them to be mostly leukocytes, predominantly 
macrophages in normal milk, and polymorphonuclear leukocytes in colos- 
trum. These cells engulf some fat globules and casein micelles in milk. 
Lymphocytes are also present, but no secretory epithelial cells and only a 
few ductal epithelial cells. Leukocytes contain numerous enzymes; catalase 
is especially prominent. They are also the main source of nucleic acids in 


milk. The population of leukocytes is much enhanced in milk from cows 
with mastitis. The macrophages in normal milk probably originalc from the 
monocyte population of the alveolar and ductal epithelium, but their route 
into the milk has not been established. Evidently, they function to protect 
the maternal udder and the gut of the suckling from invading bacteria. Human 
and rat milk ca^ considerable populations of lymphocytes, and there is 
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liter Additional calcium and phosphate, of great nutritive advantage to the 
nursling, are carried out in the form of a colloidal complex with casein 
A third physical limitation on milk composition is that the final melting 
point of the milk fat must not be higher than body temperature (37°-40°C) 
Fats that are liquid at body temperature are digested more readily Fur- 
thermore, crystallization of fats of higher melting points might occur m the 
cells and alveoli, and this might cause, for instance, partial coalescence of 
fat globules m the udder Ruminants control the melting point of milk fat by 
synthesizing short fatty acid chains, by desaturatmg saturated C|s o acids 
amving from the blood, and by positioning the acids asymmetrically on the 
glycerol moiety 


2.7. CHANGES IN MILK IN DUCTS AND CISTERNS 

In mammals like ruminants, which do not nurse their young continuously, 
the ducts and milk cisterns of the mammary gland have the capacity to hold 
considerable milk With domestic cattle, the milk drawn at a given milking 
will have been discharged into the lumens of the alveoli during the preceding 
8 to 12-hour penod The walls of the ducts are relatively impermeable to 
the milk constituents, and thus the composition is not altered by selective 
resorption 

Alterations that probably do occur are as follows 

1. Reonentation and fosses and gams of matenafs by the fat globule 
membrane (See Section 5 3 1) 

2. Proteolytic cleavage of f3 casein by milk plasmin to form y-casein and 
peptide fragments (See Section 6 3 4) 

3. Lipolysis of milk fat (See Section 5 5 ) This probably is minor, the 
free fatty acid content of freshly secreted milk is low and most likely 
does not originate by lipolysis of triglycerides 

4. Biosynthetic processes mediated by "cytoplasmic droplets ’ (See 
Section 2 5) 

5. “Filtenng” of fat globules Fat globules are restrained in the ducts 
of a full udder The fat content of milk increases dunng milking, and 
milk with a higher fat content is obtained at a milking following an 
incomplete one 

6. Coalescence of fat globules A few unusually large fat globules occur 
in milk They may arise by coalescence 

7. Contamination with bactena Milk secreted by healthy udders is ster- 
ile but may become contaminated with bactena as it leaves the udder 
through the teat canal 
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Suggested Uterature 


All aspects of biosynthesis and secretion of milk arc covered by 
B. L. Larson and V. R Smith, eds.. Lactation: A Comprehensne Treatise, Vols. 1-4, (New 
York: Academic Press, 1974-1979). 

A brief treatment is given by 

T.B.Mepham, The Secretion of Milki Studies in Dtology 60 (London' Edward Arnold. 
1976). 
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Carbohydrates 


The most prominent carbohydrate of milks of most species is lactose. It is 
virtually unique to milk, having been found elsewhere only in fruits of certain 
members of the Sapotaceae. Biosynthesis of lactose by the mammary gland 
was described in Section 2.3.3. 

The concentration of lactose ranges from none in milks of certain seals 
to about 100 g-liter" ' in those of some primates. Bovine milk usually contains 
more lactose than any other solid constituent, with a rather constant con- 
centration between 45 and SOgditer"'. Other carbohydrates, present in much 
lower concentrations, are mentioned in Section 3.4. 


3.1. CHEMICAL PROPERTIES OF LACTOSE 

Chemically, lactose is a disaccharide consisting of one residue each of D- 
glucose and D-galactosc joined in a ^!,4-glycosidic linkage. Both moieties 
occur predominantly in the pyranose ring form. Thus, the compound is 
properly called 4-0-|3-D-galactopyranosyI'D-glucopyranose. Its molecular 
structure is depicted in Figure 3.1. 

Chemical reactions of lactose involve the hemiacetal linkage between 
carbons 1 and 5 of the glucose moiety, the ^1,4-gIycosidic linkage between 
the sugar rings, the hydroxyl groups, and the -C-C- bonds within the rings. 
The hemiacetal structure gives rise to an equilibrium between the two an- 
omers. o- and p-, which dilTcr in stcric configuration of the -OH and -H 
around C-I , as depicted in Figure 3.1. These anomers differ in spccifie optical 
rotation and in solubility, as discussed in Section 3.2. The dynamic equilib- 
rium between the anomers involves opening and closing the hemiacetal ring, 
and at any time a small amount of the free aldehyde form is present. This 
can undergo reactions typical of aldehydes and, because of the equilibrium. 
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3.1. Chemical Properties of Lactose 


Lactose may be hydrolyzed to D-glueose and D-galactose with mil 
acids , with cation exchange resins in the acid form, and with jS-galactosi{_^ 
(often called lactases). The /3-l,4 linkage between the two sugar residues is 
much more resistant to hydrolysis than is the 1,2 linkage between glucose 
and fructose in sucrose. Treatments such as an hour at 90°C with 1.5 M 


HCl, or at 150°C with 0. 1 M HCl, are required to hydrolyze lactose completely. 

Sources of ^galactosidase (EC 3.2.1.23) are distributed widely among 
such diverse organisms as yeasts, bacteria, plants, and mammalian intestinal 
mucosa. /3-galactosidases are highly specific for the galactopyranose struc- 
ture and the J3-1,4 linkage. Some reports have been made of the presence 
of ^galactosidase in milk, but these have not been verified. 

^galactosidases not only act as hydrolases, but they also can transfer 
galactose units to other hydroxyl-containing compounds such as glycerol. 
Acting on lactose, they produce significant quantities of oligosaccharides 
containing glucose and galactose linked in various ways, some of which 
involve carbons 3 and 6 of galactose. Preparations of ^galactosidases have 
been used to lower the lactose content of certain dairy products in order to 


avoid undesired crystallization. They also have been employed in the man- 
ufacture of low-lactose products for people who cannot tolerate lactose 
because of a lack of sufficient intestinal /3-galactosidase. (See Section 19.2). 

Upon being heated in solution, lactose, like other sugars, decomposes to 
yield a mixture of products in proportions depending on concentration of 
sugar, time, temperature, and pH. Some of the products identified in lactose 
solutions heated at temperatures of IOO°C or above in the absence of amino 
compounds are 5-hydroxy-2-furfural, furfuryl alcohol, acetol, methylglyoxal, 
acetaldehyde, formaldehyde, and acetic, formic, lactic, pyruvic, and levu- 
linic acids. These compounds are themselves rather reactive and can yield 
various polymers, some of which are brown and have distinctive flavors. 
Aspects of the formation of acid upon heating milk are discussed in Section 


10 . 1 . 


Heating lactose in the presence of amino compounds induces the very 
important Maillard reaction that involves formation of a Schiffbase between 
the amino and the aldehyde group of the sugar. The initial reaction product 
undergoes a whole scries of rearrangements and further reactions leading to 
brown color and off-flavors important in dairy manufacturing processes. The 
chemistry of these reactions is discussed in Section 10.4, and their relation 
to flavor of dairy products in Section 18.3. 

A compound found in heated milk products is lactulose (4-0-^D-galac- 
lopyranosyl-D-fructose, in Figure 3.1; the fructose moiety occurs predomi- 
nantly in the pyranose, partly in the furanosc form). Concentrations of this 
compound up to about 1% may occur in commercial evaporated milk (10% 
of the total lactose). The mechanism by which lactulose is formed from 


lactose is not known with certainty, but it has been suggested that it could 
arise by cither a Lobry dc Bruyn transformation or by rearrangement and 
splitting of a Schiff base formed between lactose and an amino compound. 
Trace amounts of cpilactosc (44)-/3-i>.galactopyranosyl-D-mannose) arc also 
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formed on heating milk. Lactulose is somewhat sweeter and considerably 
more soluble than lactose. It has been alleged to promote the growth of 
Bifidobacterium bifidum and, thus, to be beneficial in the diets of human 
infants. It has not been accepted or employed widely for this purpose. 


3.2. PHYSICOCHEMICAL ASPECTS OF LACTOSE 

This section deals with the mutarotalion, solubility, and crystallization of 
lactose and the properties of its crystals. 


3.2.1. Mutarotation 

Sugars, having asymmetric carbon atoms, are optically active; their solutions 
rotate the plane of polarization of a polarized light wave that passes through 
them either clockwise (dextrorotation, +) or counterclockwise (levorota- 
lion. -). (Incidentally, the prefixes d- and l- designate configuration, not 
Each sugar has ils characteristic specific rotation, 
negative, by which the plane is rotated 
Sd " V" '”'■ “nil path length. Rotation may be observed 

and measured in a polanmeter, and this furnishes a useful method for de- 

in solution are called mutarotalion The of one form to the other 

mutarotalion. The equilibration involves two reactions; 


a-lactose - 
^-lactose - 


P-Iaclose, rc^tion constant K\ 
o-lactosc, reaction constant ^2 


(3. 


Both are first order reactions. If a and b are ih. 

lactose, respectively, we have at “quilibriuMirSTrim 

The mutarotalion rate can be defined as 

f° - a.) 

<0. - oj = "" 


(3.3) 
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Figure 3.2, Mutarotation in lactose solutions, (A) Course of the reaction (% finished) as a 
function of time t; (B) effect of pH on mutarotation rate constant (K in h“'). After Troy and 
Sharp, J. Dairy Sci. 13 (1930):140. 


where subscripts 0 and ® refer to time, and similarly for ^-lactose (b). If we 
want to know the amount of, say, a in a lactose mixture, a sample has to 
be dissolved and then mutarotation causes the a content to change. Equation 
3.3 can be used to obtain ao by extrapolation to zero time; the intercept of 
a plot of ln(a - a.) versus t gives Infrto - «»). See the appendix for a formula 
directly using optical rotation. 

Ki and K 2 , and thus K and fi, depend on conditions. Results reported for 
these parameters in the literature are not fully consistent. The equilibrium 
ratio in dilute lactose solutions is roughly 

R = 1.64 - 0.0027 T (3.4) 

where T is in degrees Celsius. Thus, a change in temperature causes mutar- 
otation. R decreases with increasing lactose concentration, if the latter is 
above some 60% by weight. For very high concentrations, as in the amor- 
phous lactose in milk or whey powder, R = 1.25, independent of temperature, 
but it may take a long time to attain equilibrium. 

At 20°C in pure lactose solutions, K = I0"‘ s~', and it increases roughly 
by a factor of 1.1 1 per degree Kelvin rise in temperature (Q,o = 2.8 at room 
temperature; apparent activation energy =75 kJ-mol”'). At room temper- 
ature, it takes many hours before equilibrium is reached, at 70°C a few 
minutes. Several substances affect fC. Figure 3.2 shows the effect of pH. 
The salts in milk increase R by a factor of almost 2. Mutarotation rate 
decreases very much at high sugar concentrations, as, for example, in the 
high concentration of sucrose in sweetened condensed milk. In skim milk 
powder containing 2% water, it will take months at 25®C to obtain equilib- 
rium, hours at 50'’C, and minutes at SO’C; for a water content of 6%, equi- 
libration takes days at 25°C and about 1 h at 50”C. It should be realized that 
mutarotation may occur during oven drying of dried milk products or even 
pure lactose. 
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3.2.Z. Solubility 

As seen in Figure 3.3, a- and ^lactose differ considerably in solubility and 
in the temperature dependence of solubility. If a-lactose is put in water, 
much less can dissolve at the outset than later. This is because of the mu- 
tarotation; a-lactose is converted into fi-, hence the a-concentration dimin- 
ishes and more a- can dissolve. At low temperatures, it may thus take a 
long time before the final solubility is reached; the mutarotation rate is 
determinant. If ^-lactose is put into water, more may dissolve at the outset 
than later; at temperatures below bST, a saturated solution of /3-!actose 
yields on mutarotation more a-laclose than can stay dissolved, and the latter 
will partly crystallize. The final solubility is identical whether we dissolve 
Q- or ^-lactose. Below 93.5*C. it is i? -t- I times the solubility of a-lactose. 
Above 93.5°C, ^lactose determines the final solubility and it is 1 + HR 
times the solubility of ^lactose. Consequently, if lactose crystallizes from 
solutions like milk below 93.5»C. a-lactose usually is formed; above 93.5°C, 
^-lactose usually crystallizes. 

Lactose solutions can be supersaturated easily, or. in other words, nu- 
cleation does not occur easily. This is indicated roughly in Figure 3 3 At 

occurs, probably because of homogeneous nucleation. (See Section 5 7 2.) 
solution is thus metastable. In the intermedime 
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Crystallization of lactose is of great practical importance, not only as a 
step in the manufacture of lactose, but also because it may crystallize in 
some milk products, notably sweetened condensed milk and ice cream. As 
mentioned above, nucleation is often slow; this implies that few crystals are 
formed and these become large. If crystals more than 10 pm in size are 
present, they can be felt in the mouth, and the product is said to be sandy. 
We usually have to add numerous tiny seed crystals before crystallization 
to prevent the development of sandiness. A further complication is the mu- 
tarotation. If a lactose solution is brought to crystallize at a low temperature, 
crystal growth is prolonged because removal of a-lactose from the solution 
is followed by conversion of 13- to a-lactose; hence, the solution can stay at 
a low supersaturation for a long time. Other conditions (crystal size, com- 
position, temperature) being equal, the rate of crystal growth is often about 
proportional to the square of the absolute supersaturation (concentration 
minus solubility of a-lactose). 

3.2.3. Crystal Forms 

Usually, a-lactose crystallizes as a hydrate containing equimolar amounts 
of lactose and water. The crystals are fairly hard and not hygroscopic. Above 
93.5‘’C, anhydrous /3-lactose crystallizes. /3-lactose dissolves much faster 
than o-lactose hydrate at room temperature, as its solubility is about 10 times 
higher and the crystals are usually smaller with a larger surface area. 

Amorphous lactose is formed when a solution (e.g., milk) is dried rapidly, 
as in a spray drier, or frozen. It often is called a "glass,” but this is not 
strictly correct. It is a very concentrated solution and it quickly dissolves 
or, rather, is diluted, on addition of water; but then, a-lactose hydrate may 
start to crystallize. If the water content of the amorphous lactose is low, 
say 3%, crystallization may be postponed almost indefinitely; nucleation rate 
is negligible because of the extremely high viscosity of the “solution.” The 
product is, however, very hygroscopic, and when moisture content rises to 
about 8%, a-lactosc hydrate starts to crystallize. This is a way to make very 
small crystals. But when crystallization of lactose caused by moisture uptake 
occurs in milk or whey powder, the result is caking; powder particles arc 
cemented together by crystalline lactose, forming large and stony lumps. 

Some other crystal forms may occur. Figure 3.4 gives a survey, including 
the transitions. It thus gives the methods for preparing the different forms. 
In practice, it is almost impossible to obtain pure crystals. For instance, o- 
hydrate usually contains a few percent of /3-lactose, and vice versa. 

The different forms mentioned are different crystal polymorphs (i.c., they 
have different erystal lattices). The properties arc thus different. (See also 
the appendix. Tabic A. 17.) For example, the stable anhydrous a form, also 
called S lactose, is not hygroscopic but is quite soluble in water, about four 
times as much as n-hydratc. But the latter soon starts to crystallize from a 
solution of S hsetose. The unst.abic anhydrous a form is very hygroscopic 
and has the same solubility as n-hydratc. 
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Hgute 3 5. A common shape of an a lactose hydrate crystal The crystallographic axes and 
the Miller indices of the faces are given 


as their effect differs widely between different faces, the great vanety in 
crystal habit is easily explained (See Table 3 1 ) Some potent inhibitors, 
such as riboflavin, are present in milk There are many others, besides those 
mentioned in Table 3 1 

Two inhibitors need special consideration /3-lactose has a large inhibitory 
effect, and under most conditions it is present in a high concentration In 
special experiments, /3-lactose content can be lowered considerably, and the 
result on crystal growth is spectacular (See, for instance. Figure 3 6 ) Usu- 
ally, faces OTi and 01 1 do not grow at all unless supersaturation is extremely 
high But if only little /3-lactose is present, these faces grow much faster 
than all other faces, consequently, needle crystals are formed in the direction 
of the c axis Face OTO never grows in the presence of /3 lactose Conse- 
quently, the apex of the crystal as depicted in Figure 3 5 is also the point 
where the crystal started to grow If supersaturation is high, the slightly 
curved K faces ~ 150 grow until a 010 face is formed, and growUi^ stops 
there It appears as if /3-lactose molecules fit well into the 010 and 01 1 faces 
of a hydrate but then prevent any further uptake of a molecules This, then, 
largely explains the peculiar shape of the crystal Some other sacchandes 
cause a similar but lesser inhibition 

If a lactose hydrate is punfied by recrystalhzation, its rate of crystal 
growth decreases (See Table 3 I ) Moreover, the pH of the lactose solution 
falls It appears that a crystal growth inhibitor is present, one or more lactose 
monophosphate (4 0 p-D galaclose-phosphate-D-glucose), its concentration 
in milk is roughly 15 mg liter"' It apparently has a stronger affinity for the 
a hydrate crystal than a lactose itself But it retards crystal growth consid- 
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Table 3.1. Examples of the Rate of Growth of Some Faces (as 
Indicated by their Miller Indices) of a-Lactose Hydrate Crystals as a 
Function of Liquid Composition. 


Supersaturation 


Growth (^im-h'‘) of Face 


m 

Composition 

010 

110 

100 

110 

on 

55 

- 

3.8 

3.3 

1.3 

0.3 

0 

55 
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1.2 

1.0 

1.0 

0.4 


55 

+ 100 ppm riboflavin 

2.7 

0.0 

0.0 

0.0 

0 

55 

+ 10 ppm 

TMODAC- 

0.0 

0.5 

0.6 

0.0 


120 

- 

43 

34 

21 

12 

7 

55 

own pH (- 4) 

3.2 

2.7 

1.6 

0.4 

0 

55 

pH 7 
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5.0 
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1.2 


55 
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0.2 

0.7 

1.3 

0.5 


55 
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19.1 
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3.1 

1.2 


55 
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0.0 

0.0 

0.9 
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erably, as shown in Table 3.1. It particularly inhibits at low supersaturation. 
If it is not present, spontaneous (though probably still heterogeneous) nu- 
cleation may occur at a much lower supersaturation, say 10% instead of 
100%. Several other inhibitors, such as the TMODAC mentioned in Table 
3.1, only cause inhibition if the lactose monophosphate is present, not if the 
latter has been removed by ion exchange. 

It is clear now why lactose crystallizes so slowly even if growth is not 
retarded by slowness of mutarotation. Besides the difficulty of fitting the 
asymmetric molecules into the crystal lattices, there is considerable com- 
petition by /3-lactose, and for some faces even strong inhibition. Moreover, 
some minor components of milk, notably the lactose monophosphate, cause 
considerable inhibition. Rate of crystal growth is usually not limited by 
diffusion, except in extremely concentrated solutions like amorphous lactose. 


3.3. FERMENTATION 

Lactose is metabolized by various microorganisms to compounds of lower 
molecular weight. In the dairy field, the most important fermentations by 
far are those that produce lactic acid, although propionic and butyric fer- 
mentations are important in some cases. 

3.3.1. Lactic Acid Fermentation 

Lactic acid bacteria are ubiquitous. Their activities are strongly guarded 
against in milk for liquid consumption but are promoted in starters used in 
the manufacture of butter, cheese, and cultured products. Some microor- 
ganisms can produce as much as 1.5% lactic acid in milk. These bacteria 
are classified as homofermentative if they produce only lactic acid and het- 
erofermentative if they produce acetic acid, alcohol, and CO 2 as well as 
lactic acid. Besides the end products of the fermentations, small quantities 
of intermediates, notably pyruvic acid, accumulate in the milk. 

Homofermentative bacteria of the so-called group N streptococci (S. cre- 
moris, S. lactis, and S. diacetylactis) have a phosphotransferase system in 
the cell membrane that phosphorylates lactose at C-6 of the galactose moiety 
as it enters the cell. A /S-D-phosphogalactosidase then hydrolyses the lactose- 
P to glucose and galactose-6-P. The glucose is phosphorylated at C-6 and 
metabolized to pyruvate via the Embden-Meyerhof pathway of glycolysis; 


glucose + ATP 

glucokinase 

gIucose-6-P + ADP 

(3.5) 

glucose-6-P + ATP 

Esteps 

fructose-1, 6-P + ADP 

(3.6) 

fructose- 1-6-P 

a1d»U3e 

dihydroxyacctone-P 
+ glyceraldehyde-3-P 

(3.7) 
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Oubohydrates 


dihydroxyacetone-P 

iioincra«e 

^yceraldehyde-3-P 

(3.8) 

2 glyceraldehyde-3-P 
+ 2 ADP + 2 NAD* 

+ 2 H 5 PO 4 


2 phosphoenol pyruvate 
+ 2 ATP + 2 NADH 
+ 2 H* + 2 H 2 O 

(3.9) 

2 phosphoenol pyruvate 
+ 2 ADP 


2 pyruvate + 2 ATP 

(3.10) 

2 pyruvic acid + 2 NADH 
+ 2H* 

bate 

2 lactate + 2 NAD* 

(3.11) 

dchydratenau 


Net: glucose + 2 ADP + 2 HjP 04 -> 2 lactate + 2 ATP + 2 HjO (3.12) 


The galactose-P is convened via a fnictose isomer, tagatose-P, to the 
triose-P stage of glycolysis and thence to pyruvate. The group N streptococci 
all have lactic dehydrogenase with L specificity, and they produce four 
molecules of L(+)-lactic acid from a molecule of lactose. 

Other homofcrmentative bacteria, such as S. ihermophilus and Lacw- 
oaciHus bulgaricus, do not phosphorylate entering lactose but rather hydro* 
m P-galactosidase. The glucose moiety proceeds 

through ^ycolysts to foimlactic acid (U + ) in some species, D( -) in others, 
and a mixture in still others). These organisms lack the enzymes necessary 

membo i«d Only 

komto™, • r ' “ "'O’^ule of lactose. 

C-1 of clucose U ^ ®''ons 3.13-3.15.) The initial oxidation at 

lactose is hyd^olyzed^n otheTcasS^duco^ lactose dehydrogenase before 
is split, fil^cose is oxidized after the lactose 


Blucose- 6 -p + NAD* 
b-P-gluconate 

2-kelo-3-deoxy-6-P- 

gluconate 


^ HjO 


b-P-gluconate + NADH ,, 
+ H* (3.13 


-p -ttucww 2-keto-3-deoxy-6-P- 
gluconate + H 2 O 

— + glyceral- 
dehyde-3-p 


(3.1^ 


(3.1: 


^bon to two three.carbo;i uni,” that cTea 

m the Embden-Meyerhof and I 
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ner-Doudoroff pathways. They use a pathway known as the hex- 
ose-monophosphate shunt in which 6-phosphogIuconic acid is formed from 
glucose, as in equations 3.5 and 3.13, and then is decarboxylated, and the 
resulting five-carbon unit, ribulose-5-phosphate, is split to acetyl phosphate 
and glyceraldehyde-3-phosphate. The former yields acetic acid and/or ethanol, 
and the latter yields pyruvic acid and then lactic acid. The following equa- 
tions outline this pathway; 


6-P-gluconate -f NAD^ 

2 steps 

ribulose-5-P + NADH 
+ H+ + CO2 

(3.16) 

ribulose-5-P + H3PO4 

2 steps 

acetyl-P + glyceral- 
dehyde-3-P + H2O 

(3.17) 

glyceraldehyde-3-P 

as in 

lactate -1- 2 ATP + H2O 

(3.9-11) 

+ 2 ADP ■+ H3PO4 

glyrotysis 

acetyl-P + 2 NADH + 2 U 

^ 2 steps 

ethanol + 2 NAD+ 

+ H3PO4 

(3.18) 


Net: glucose -l- ADP + H3PO4 -» lactate 

-I- ethanol + CO2 + ATP + H2O (3.19) 


Galactose can enter this pathway by epimerization of its phosphate to glu- 
cose-6-phosphate. The dehydrogenases in some organisms are coupled to 
NADP+ rather than to NAD'^ . Acetyl phosphate, in the presence of suitable 
hydrogen acceptors, also can yield acetic acid. 

Important properties of lactic acid are summarized in the appendix. Table 
A.18. 


3.3.2. Other Fermentations 

Bacteria of the genus Propionibacterium ferment lactic acid to propionic 
acid, acetic acid, CO2, and water: 

3 CH;,— CHOH— CO2H ( 3 . 20 ) 

2 CH3— CH2— COjH + CHj— CO2H -I- CO2 + H2O 

This fermentation is prominent in certain Swiss-type cheeses. Many of these 
organisms can ferment lactose, but in cheese they utilize lactic acid produced 
by the faster-growing starter bacteria. 

Butyric acid fermentation of lactic acid is characteristic of certain Clos- 
tridium bacteria: 

2 CH3— CHOH— CO2H -► 

CH3— CHv— CHj— CO.H -h 2 CO2 + 2 H2 


( 3 . 21 ) 
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This fennentation is highly undesirable in cheese because of the gas and off- 
flavor. 

Streptococcus thermophihis and Lactobacillus bulganciis, in addition to 
the homofermentalive production of lactic acid mentioned in Section 3.3.1., 
divert some pyruvic acid to the production of diacelyl: 

2 CH,— CO— COiH + O (3.22) 
CHj— CO— CQ-CH, + 2 COi + H.O 

Certain other organisms, such as S. diaceiylactis and Leiiconosloc cremoris, 
also can oxidize pyruvic acid to diacetyl, but they have the additional ability 
to ferment citric acid to pyruvic acid. Diacetyl is an important flavor com- 
pound in some dairy products. 


3,4. OTHER CARBOHYDRATES 

fack readily in fresh milk, but there is a 

concentraHonc of V," Enzymatic analysis indicates 

Etose aT eastmis ... Bulactose, and for 

£ concentration in the cell. On the other 

chromatographic technique°s*OlhM"’c?b'l!''H r ens-'idnid 

milk (Section 8.11 are , , ' “^ni'ydrates found free in solution in 
oligosaccharides, and nucleotidc*turaRT P'’“*P'’“’cs, neutral and acid 

represent building blocksctore^^ P™bably 

mary gland. ® ^ molecules synthesized by the mam- 

carbohydLemoieriesfsec°tbn5%*^''''“'’ '‘P'd* contain 


-"iiscsreo UterAture 

-en by 


Alford, cds., 
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Lactic acid fermentation by Streptococci is discussed by 

B. A. Law and M. E. Sharpe, in F. A. Skinner and L. B. Quesnel, Streptococci (New York: 

Academic Press, 1978). 

The chemistry of lactic acid is covered in 

C. H. ^Q{ieii,Lactic Acid: Properties and Chemistry of Lactic Acid and Derivatives (Weinheim: 

Verlag Chemie, 1971). 





Salts 


This chapter discusses substances that are or can be present in milk as ions 
of fairly low mdecular weight (say. less than 300). Polar lipids and proteins 
are excluded. The former may be neglected in this context; the latter, being 
niOTOions, are a class apart. The definition is not equivalent to inorganic or 
mineral substances, mainly because some salts are organic. Neither is it 

“ considerable%art i7present in 
nonionized form. (:ertamly, it is not equivalent to “ash " since ashing of 

various wavs for inefs.,,,.-. fluaniitics or salts can be expressed m 

case, it can be the ma« of'the 01 ^ 00 ^ 0 '^ pT' 

oxide (e.g,, p 20 j), (c-E- P), residue (e.g,, PO’'), or 

The salts are important from a i 

and because they largely determinp ir, of view (Section 19.3), 

serum, which in turn largely deierm' ^ state of the milk 

the proteins. Moreover specific salti oonformalion and stability of 

’ specific actions, such as catalysis. 


4.1. OVERALL COMPOSmON 


rach consist cf several different substan^"‘?c“‘^'‘'^’ Pbosphoric e: 
A.9. and A.II.) Fresh milk =>PP="0ix, Tables 

raurh Ic»S" “‘rate (at mo 

calcium phosphate and a “"biin undissc 

It IS often called “colloidal call 
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Table 4. t . Approximate Salt Composition of Milk 


Cationic 

mmol kg“‘ 

Anionic 

mmol kg”‘ 

Sodium (23)" 

17-28 

Chlonde (35 5) 

22-34 

Potassium (39 1) 

31-43 

Carbonate*’(60) 

~ 2 

Calcium (40 1) 

26-32 

Sulfate (96 1) 

~ 1 

Magnesium (24 3) 

4-6 

Phosphate‘'(95) 

19-23 

Amines 

~ 1 5 

Citrate''(189) 

7-11 



Organic acids' 

~2 



Phosphoric esters'^ 

2-4 


Note Range compnsmg most literature data excluding colostrum, late lactation and 
mastitic milks Individual cows samples give wider vanation 
"Within parentheses is the atomic or residue weight 
^Including COj 
^Inorganic only 
‘'About \% of this IS isocitrate 
'Other than citnc acid 
■'Some also contain a basic group 


phosphate ” (See Section 4 4 ) Some cations, notably and are 
associated with the negatively charged proteins Small quantities of other 
ions (e g , Cl") also may be bound to the proteins Almost all of the salt is 
in the serum or in the casein micelles, and very little is bound to the fat 
globules Table 4 2 gives the approximate distnbution The salt in the casein 
micelles can be dissolved by lowenng the pH to about 4 6 or lower, and 


Table 4.2. Distribution of Some Salts between Casein Micelles 
and Serum 


Compound 

mg per 100 g 
milk 

Percentage 
Present in 
Serum 

mg per 100 g 
Serum 

mg per g Dry 
Casein" 

Na 

48 

95 

49 

09 

K 

143 

94 

145 

33 

Mg 

U 

66 

8 

1 5 

Ca 

117 

32 

40 

31 0 

Inorganic phosphate*’ 

203 

53 

116 

37 0 

Citrate 

175 

92 

173 

56 


Note Average from various sources 
•A small part of this may m fact be countenons of the whey prolcms 
*A5 PO 4 
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also, though slowly and incomplelety. by dialysis against water or a calcium- 
free solution. 

Milk contains phosphorus in many forms. It is all present as orthophos- 
phate, but part of it is bound to organic components, either eslerified to 
serine and threonine residues of casein, to several smaller molecules like 
hexoses and glycerol, or in the phospholipids. Table 4.3 gives particulars. 
The sulfur content of milk is about 0.36 g*kg“ ’ , but most of it is in the amino 
acid residues methionine and cysteine of the proteins. About 10% is present 
as inorganic sulfate. 

Milk contains several trace elements; they are discussed in Section 8.1.2 
and listed in Table A.l. 


4.2. THE SALT SOLUTION: COMPOSITION 

The salt composition of milk (i.e., the species of salt molecules and ions 
present and their concentrations) is not known precisely. This is mainly 
because of the fairly extensive formation of ion pairs. Some of the acids or 

P”' “s phosphoric and 
™mes. Bul Some of the salts also may be 

Sn-t'^ “ “Psiderable degree. This concerns 

primarily binding of Ca^* and Ms** to ciiraiAJ- • i . • 

HPO*-- hilt ..I, , ‘ 'o citrate and to a lesser extent to 

nouompletely dissociated^See;heap^^^^^^ 

equilibrium between the ion pairs andlh^r 

dynamic equilibrium between salts the n" ‘r"!,' ^ 

stales, though the equilibrium k” ‘^^.‘^'ssolved and the undissolved 
solved salts are in the colloidal cLium 

(See Section 4.4.) phosphate of the casein micelles. 


Ion Activity 

The properties of a salt solution such « ,k 

craponems, are not governed by concenira!^'' 'onization of the vario 
eral relation between the aclivhv a outivities. The ge 

su stance X is given by (molar) concentration m ol 

''here >■ is the (molar) activity coL 

shuatonT “■ ™- J^y S'ie"^",u°'’’" >' 

'°n "'»'•= “"'Plicated; usu^,;“'"J.,'''^" '• For ionic species, t 

“""y.uctivmes of the ions rather than! 
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salt (or acid or base) are used. If we assume cations B of valency P and 
anions D of valency 6, then 

BfcDj + d D®- (4.2) 

where bp - d8. Calling the salt (or acid or base) BD for short, we now 
define the free ion activity of the salt as 

flBD = (4 ■ = {y%m% ■ (4.3) 

Here, m denotes the concentration of free ions including ion pairs. 

All reaction rates of the ions depend on their activities. Hence, for the 
dissociation equilibrium of equation 4.2, we have a dissociation constant: 


where Qbd is the activity of the ion pmr (the undissociated salt). For neutral 
spedes. the activity coefficient usually is « I, so we may put ojo = mno 
if BD IS neutral. Ifyn and j-p now decrease, a,, and od decrease; consequently, 
riBo must decrease to keep K^o constant. In other words, if the activity 
sSliee (a smaller fraction of the 
the recinroeal of ih Often, the association constant, which is 

annen ix constant, is used. Examples are in the 

ions (e c ' between Cat^rn ri consider associations involving two 
Consequentfv the S'^eCeCl* , not between Ca^. and 2Ci-). 

Thisis'LL^^^T^ha^rs^^X^:;^ 

“‘a • <4 = mW . 5 5 ) 

Of o. hence m'^mly bcMral hi2"brf ^ ‘’'"case of >■ gives decrease 

Note that K' is expressed in taoles per I towif exceeded. 

The association and dissociation CO V ‘ 

here are intrinsic constants* thev nen”* solubility products as used 

concentrations at infinite dilution activities and can apply only to 

that relate to concentrations, but ihpn tK ’ stoichiometric constants 
the activity coefficients and thus on conu constant depends on 

, Usually, the activities are u„l^" 

eves concentrations. Equilibrium 'ftemical analysis 

’-H0„icstre„g;^^re;\r■'^'^'■^^-^ftH™rily^"u1h:t^^^ 
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4.2. The Salt Solution: Composition 

/ = i 2 mi-z} (4.6) 

Here, y = I for / -» 0, but it falls rapidly with increasing I, the more so if 
z is larger. A crude explanation is that the charge of each ion is screened 
by the other ions, the more so when their concentration is higher. Though 
other factors also have effect, we usually assume that y depends on / and z 
only, and roughly (at room temperature) 

y, = exp(-0.8z?/'") ( 4 . 7 ) 

Under conditions as in milk (/ ~ 0.08), y for mono-, di-, and trivalent 
ions is probably about 0.8, 0.4, and 0.13, respectively. It follows that in the 
case of ions (unlike that of most electroneutral species), the difference be- 
tween activity and concentration may be considerable. For example, the 
stoichiometric solubility product of Ca 3 citrate 2 is nearly 1000 times as large 
in milk as it would be for 1 = 0. Values of the pif (- log /f = pH at which 

50% is dissociated) of acids are shifted downward by 0. 1-0.5 units in milk, 

as compared to 7 = 0. 

Be cautioned that there are minor uncertainties, differences of opinion, 
and differences in manner of expression in the activity theory. The uncer- 
tainties are greater when multicomponent interactions are involved. Several 
dissociation constants are not known exactly. Sometimes, the total instead 
of the free ion activity coefficient is used; it relates ion activity to total salt, 
rather than free ion concentration, and is thus smaller than the free coefficient 
if ion pairs are present. 


4.2.2. Estimating Dissolved Salts 

To arrive at the concentration of the various ions and neutral salt molecules 
in milk, the overall concentration of dissolved salts must be known. 

The salt solution of milk can be obtained by dialysis of water against a 
large excess of milk. Ultrafiltrates, if obtained at low pressure, have nearly 
the same composition as equilibrium dialysates. Serum obtained by ultra- 
centrifugation and rennet whey differ more, because of the presence of whey 
proteins. 

The composition of a dialysate does not reflect precisely the concentra- 
tions of the various dissolved substances in milk. First, we should consider 
the fact that part of the water in milk is not available as a solvent; this is 
largely because of the protein and is discussed further in Section 17. 1 .2. The 
amount of nonsolvent water increases with the molecular size of the solute, 
and it varies from about 0.15-0.60 g of nonsolvent water per gram of protein, 
that is, from 0.5-2. 3% of the water present. (See Section 20.1.3 for equations 
to convert concentrations.) 

Another effect comes from the electric charge of the colloidal particles 
(fat globules, casein micelles, and whey protein molecules, all negatively 
charged at milk pH). The charge causes a change in the concentration of 
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ions nearby. Ions of opposite charge, called counterions, accumulate near 
a charged surface; in milk, most counterions are cations. The excess con- 
centration is highest at the surface of the particles and diminishes exponen- 
tially with distance. We speak of an “ion atmosphere” or “diffuse double 
layer"; its thickness, defined as the distance over which the surface charge 
has been compensated (shielded) by the counterions to Me of its value, is 
about 1 nm in milk (i.e., comprising perhaps 3% of the volume of milk). 

Part of the ions associated with the protein will be truly bound; they have 
formed ion pairs with ionized groups of the proteins. Ester phosphate groups 
are likely binding sites for Ca^^ Ions. The bound ions neutralize part of the 
surface charge of the proteins. It is not possible, however, to distinguish 


truly between ions neutralizing (bound ions) and ions shielding the charge 
(ions in the double layer). For convenience, we will group them both under 
the heading of counterions. It is thus not known how many of the counterions 
are truly bound; it is often assumed that all of them are, but this is certainly 
not true. Usually, it is taken that all counterions are associated with the 
casein micelles, but about 6% are associated with the whey protein and 1% 
with tl« f^ globules. The binding of the different cations, or their crowding 
in the double layer, is not in proportion to their activity in the solution. The 
•'>« <liameler) of an ion, (he higher its 

orotdn alUhlNVr dT Of the cations associated with the 

are nre’scm as c^M . "’"'I ' “’='>“• 2'^=' of the Ca probably 

hydrogen ions ahoTa«U c«^^^ 

a somewhat lesser extent their achvurwiil be w 

face; hence, the pH will be lower (ocrt;, ^ P™’''" 

docs. By the same argument ii contains mo ”’0" 

static repulsion diminishes their concent™? o"'Ons); electro- 

cise calculations cannot be made hm ™ T protein surface. Pre- 

indicates an increase rconcem^rf’: o"’ 

pressed per kilogram of wato) 'hot in milk (ex- 

most, Presumably, a small amniit.i'IIfof-^^ experimentally is, at 
IS a common phenomenon (it would am ^ ^ound to the protein, which 
prorein, . Nothing is known alT, 'he WnT' '"r d" ' rno'- «f 

The salt composition of milk and ih '”r anions, 

i-nown. For some ions, activity ratios h ' ''“''’aate are fairly well 

+ end determined-for insLce. 

h= pH. The dissociation of acids Soe^^'T" f™"* 

°f PPurse. on the pH. The relation 



pH - pfc 


( 4 . 8 ) 
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The stoichiometric dissociation constants of the important acids are ap- 
proximately, for the ionic strength of milk and expressed as pKs, 

Phosphoric acid — 2.1, 6.9, 12.0 
Citric acid — 3.0, 4.5, 4.9 
Carbonic acid — 6.3, 10.0 
Most monobasic carboxylic acids 4.7 

Finally, the association constants of most salts are roughly known; some 
are tabulated in appendix Table A.20. Taking further into account that the 
solution should be electrically neutral, the ion composition of the milk salt 
solution can be calculated. 

The approximate average composition is given in Table 4.4. Because of 
uncertainties, it cannot be entirely precise. All species present in concen- 
trations below 0.05 mM have been omitted. There is, of course, a significant 
variation between lots of milk. The table gives the composition of the so- 
lution, excluding all colloidal particles and macromolecules with their diffuse 
double layers; it is essentially the composition of milk dialysate. The activ- 
ities in this solution are determinant for equilibria and reaction rates. To 
convert the composition to millimoles per kilogram of milk, multiply by — 
0.904; to convert to millimoles per kilogram of water, multiply by ~ 1.045. 


4.3. THE SALT SOLUTION: PROPERTIES 

Table 4.4 gives an effective ionic strength I of (73.5 -r 85.1)/2 = 79 mM. 
Ionic strength is very important for the stability of colloid particles and for 
the conformation of macroions, such as proteins. It mainly affects the thick- 
ness of the diffuse double layer 1 /k. Assuming the relative dielectric constant 
of the salt solution to be the same as that of water (~ 80), we have at room 
temperature: 

1/k =» 0.3/-"’ (4.9) 

where 1/k is in nanometers and / is in moles per liter. We thus have I/k = 
I.l nm. Consequently, electrostatic interactions in milk usually will be of 
little importance over distances greater than 2.5 nm. The concentration of 
divalent cations (Ca’* + Mg’*) is low, only about 30% of the total Ca and 
Mg in solution; their joint activity usually is less than 2 mM Nevertheless, 
their activity is of great importance. For instance, the molar concentration 
of Ca’* and Mg’* needed to cause flocculation of lyophobic colloid particles 
(Section 12.2) is roughly one-sixtieth of that forNa* and K*. Ionized calcium 
has a large effect on the conformation and association of some proteins, 
particularly caseins. The divalent cation activity appears to be rather variable 
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4.4. The Colloidal Calcium Phosphate 
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between lots of milk, perhaps by a factor of 1 .5 for herd milk. Since milk is 
saturated with respect to calcium phosphate, Ca^+ activity depends mueh 
on soluble phosphate content, as the product of the activities of Ca^+ and 
HPO|" must be roughly constant (for a given temperature). Ionic strength 
varies less, perhaps by a factor of 1.2. 

The electrical conductivity is largely determined by the salt solution. It 
is about 0.5 A-V“'-m^' (variation — 0.40-0.55) at 25°C. This roughly cor- 
responds with the conductivity of 0.25% (w/w) NaCl in water. 

The pH of milk dialysate is a function of its salt composition and tem- 
perature. The presence of the proteins in milk does affect this pH, of course, 
as it affeets the salt composition. The litratable acidity of milk depends both 
on its salt composition (largely phosphate content) and its protein content. 
(See Section 11.3.) 

The freezing point of milk follows from the total concentration of dissolved 
substances. These are given in Table 4.4. The freezing point depression of 
water is 1.86 K times the osmotic coefficient times the concentration in mole 
solute per kilogram of water. For the ionic species, the average osmotic 
coefficient is ~ 0,93 ; for the nonionic species, it is ~ 1 .00. Taking into account 
the factor 1 .045 to convert to moles per kilogram of water, we calculate from 
Table 4.4 a freezing point depression of 0.53 K. The determined freezing 
point of milk is -0.53 — 0.57°C, but the commonly used method (Hortvet) 
has a systematic error, giving a freezing point 0.017 K too low. The freezing 
point corresponds to that of a solution of about 0.85% (w/w) of NaCI. It 
follows from Table 4.4 that lactose accounts for ~ 54%, and Na, K, and Cl 
for ~ 31% of the freezing point depression. / 

The freezing point depression of milk is very constant, since It is pro- 
portional to its osmotic pressure, which is essentially equal to that of blood, 
which in turn is kept almost constant. It is about 700 kPa (= 7 atm) at 20°C. 
The other colligative properties of milk are boiling point elevation of ~ 0. 15 
K, and water activity of ~ 0.993. 


4.4. THE COLLOIDAL CALCIUM PHOSPHATE 

Milk always is saturated with respect to calcium phosphate, a large part of 
which is indeed undissolved. For instance, the stoichiometric solubility prod- 
uct of CaHP 04 - 2 H 20 at the ionic strength of milk is ~ 16 x 10“’. If all 
c.'ilcium phosphate were dissolved, the hypothetical concentration product 
would be some 2 X 10“'; the actual one is about 10“’. (See Table 4.4.) 
Consequently, milk is probably supersaturated with respect to dicalcium 
phosphate. It appears to be even more supersaturated with respect to 
CajHtPOjIj (octacalciumphosphate) and CasOHfPO^lj (hydroxyapatite). Ap- 
parently, thermodynamic equilibrium is not attained, though there may be 
uncertainties in the solubility products. Probably, most lots of milk arc 
saturated with respect to Cajcilralci; its stoichiometric solubility product at 
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/ = 0.08 is about 2 X 10 'MhcconccntrationproductsofMgHPOi.CaCOj. 
MgCOj, and Mgjcitratc: are well below saturation. Some solubility products 
are listed in the Appendix, Table A.19. 

As shown in Section 4.2, milk dialysatc contains much less Ca and In- 
organic phosphate than milk docs, and the rest is largely associated with the 
casein micelles. Expressed per mole of casein, there is typically about 18.0 
mol Ca, 1.4 mol Mg. 2.0 mol K, 0.9 mol Na. 9.1 mol phosphate, and 0.7 
mol citrate associated with the casein micelles. Part of this is an undissolvcd 
salt mixture, usually called colloidal calcium phosphate. It is difficult to 
decide, however, how much of the inorganic material is indeed undissolvcd 
salt. Part of the cationic material is bound to or present as counterions to 
the casern, presumably about 4 mol Cat-, almost k'. 

a”’' of - ">»>■ be bound directly 

Other complications are that part of the counterions (- gn;) will not be 
rxclSsbn oTcoion "" , '"i."’ ="‘‘ 8'»btlcs and that the 

:rd’rteioriZhi'ctrm!;tr'""‘""‘^^ 

of consSMTdcbak''^f Ihlfcrenuv ’’’’f b^^ been the subject 
and inorganic Pbosphaie^es^S crnL'; 

certain in principle whether they, d a ^ H is even un- 

be stated rightly that a certain Ca ion ■ "bether it can 

phosphate). Despite these ex^clScnlVaa^ 

clear that the molar ratio Ca/P tr. a"'° fonccpiual uncertainties, it is 
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the presence of Mg, phosphate esters, and some proteins may retard or even 
prevent such a transformation The presence of the casein is probably of 
paramount importance Since the calcium phosphate is present throughout 
the casein micelles (see Section 13 1), any regions of calcium phosphate 
must be very small, containing 15 molecules or less A crystal structure 
cannot be assigned to such small regions, and no or very little structure has 
been perceived by X-ray diffraction Moreover, such small separate deposits 
always would be subject to aging, to minimize their surface free energy This 
implies that some of the regions of calcium phosphate would grow at the 
expense of the other (smaller) ones (i e , they would exhibit Ostwald rip- 
ening, discussed in Section 12 1 3) Since the aging does not happen, there 
must be bonds between casein and calcium phosphate so that the bond free 
energy can compensate for the surface free energy The free — NH 3 + groups 
of the casein are linked to some extent to the inorganic phosphate The ester 
phosphate groups of the casein may also play a part, since the number and 
location of these groups affect the interaction with calcium phosphate 
The quantity of inorganic matter in the micelles varies considerably be 
tween lots of milk (e g , from 6-10 g per 100 g casein) The colloidal calcium 
phosphate must be the principal variable An important cause is probably 
variation in citrate content of the milk, since citrate strongly binds and 
solubilizes Ca (See Table 4 4) 


4.5. CHANGES IN SALTS 

Because of the numerous dynamic equilibria between the salts in milk, changes 
in composition or conditions have many effects The proteins participate in 
these changes, since the ionization of several side groups, the exposure of 
side groups, the specific binding of some small molecules, and the ion atmo- 
sphere may all change with conditions, and subsequently influence the salt 
solution Since milk contains undissolved calcium phosphate, it has a buff- 
ering capacity for some ions, notably Ca*'*' Altering milk (e g , temperature, 
pH, adding substances) thus has a different effect on the salt solution from 
that of imposing the same changes onto milk serum or dialysate In milk, it 
may take a long time to establish equilibnum after conditions have been 
changed, mainly because of the precipitation or dissolution of colloidal cal- 
cium phosphate Table 4 5 gives some approximate examples of what will 
happen when small amounts of substances are added to milk Large additions 
cause greater changes, and since ionic strength increases, ion activity coef- 
ficients decrease, extrapolation of the changes given in Table 4 5 to large 
additions is not justified 

Dunng holding of milk, some changes maj occur II loses CO.; the onginal 
content in the udder is roughly twice that mentioned in Tabic 4 I Enzyme 
aclion may liberate phosphoric acid from its esters, this causes an increase 
m the amount of colloidal phosphate and a decrease in pH (as shown in 
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Table 4.5. The Effect of Various Additions to Milk on Increase (+) or 
Decrease (-) of Ca and Inoi^anlc Thosphate 

Effect on the Concentration" Of 


Dissolved Undissolved 

Substance Added Ca^* Ca Phosphate 


HCl 

+ 0.2 

NaOH 

- 0.1 

NaCl 

+ 

CaCh'’ 

+ 0.3 

Citric acid* 

- 0.1 

Phosphoric acid* 

- 0.05 

EDTA*," 

_ 


+ 0.3 

- 0.2 

- 

+ 0.2 

+ 0.006 

- 

+ 0.3 

+ 0.4 

+ 0.4 

- 0.2 

- 0.1 

+ 0.1 


^ OTA “ is "'“i"! >0 keep ihe pH consupl 

EOTA - e,hy,e„e d,amme .euaace.ic acid, a chelaupp (aeqpea.enng) agcnl. 


phosphate may also chao^ orsZlr composition of colloidal calcium 
but this has not been welUtudied Lpoofv '""‘‘"'ons remain constant, 
decrease the pH and bind some Produces free fatty acids; they 

be considerable. The calcium salts nr of lipolysis may 

solubility product of CaIRCOOl « in- io“'^ poorly soluble; the 

The acidity may change with aunv ~ " (moP-kg-t). 

the milk. Most striking is the lowcrinror’nH P'' ^“"iicntrating or heating 
lactose to (mainly) lactic acid Tt,® ^ i^y bacterial fermentation of 
colloidal phosphate and the dccreasn effect is the dissolution of 

tern, the latter because the negative chaiPP*'? .“‘‘ons with the pro- 
tends are illustrated in Figure 4, 1. Mor^ of the proteins diminishes. Some 

immishes (phosphoric, citric, lactic ra dissociation of most acids 

2 mK®* “"‘*.,9''“ activity increase. Th^r'’"''^’ The ionic 

increase in lactic decreases by about 

bacteri ^ about 4 mA-V'' the electric con- 

solved e»i " '*‘*'"8 NaOH) are less 

" . eo calcium ohn^nt.,,. : J 


present as counterions 
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Figure 4.1. Effect of the acidity of milk (changed by adding HCl) on the percentages of Ca, 
inoiganic phosphorus. Mg, and citrate that are not associated with the casein micelles. After 
D. T. Davies and J. C. D. White, J. Dairy Res. 27 (I960):171. 


Temperature has many effects. We should distinguish among three types 
of experiments'. 

1. Measure properties of milk at various temperatures. Very few such 
measurements have been made. For instance, the pH measured at 
95°C is ~ 1 unit lower than at 20°C, but the reliability of such mea- 
surements is doubtful. We may try to infer the composition of the 
salt solution at different temperatures from the following experiment. 

2. Separate milk serum or dialysate at various temperatures and inves- 
tigate it at room temperature. It then follows that the pH of dialysate 
made at 95‘’C is ~ 0.5 unit lower, and that made at 0°C is ~ O.I unit 
higher, as compared to dialysate made at 20”C. (See also Figure 11.4.) 

3. Heat milk at various temperatures for different times, cool to room 
temperature, and investigate it. This has been done often; it gives no 
indication of rapidly reversible changes. 

Increase in temperature diminishes CO- concentration. The most impor- 
tant change is that calcium phosphate becomes insoluble. The reaction is 
roughly 

3 Ca=* + 2 HPOj- -* CajtPOj)- 1 -b 2 H+ (4.10) 

and more H"^ ions will be liberated by converting H-POj' to HPOj'. This 
implies a drop in pH. probably by about 0.1 unit per millimolar decrease in 
dissolved phosphate. The phosphate becoming insoluble largely associates 
with the casein micelles. If milk dialysate is heated, amorphous calcium 
phosphate precipitates. During heating of whey, pan of the calcium phos- 
phate becomes tissociatcd with the whey proteins. The reactions arc slow; 
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they reverse at room temperature, though very slowly. Figure 4.2 gives 
examples for Ca in milk; results for phosphate are similar. At low temper- 
ature, the reverse occurs; after 24 h at dialysable Ca is increased by 
about 7%, dialysable (inorganic) phosphate is increased by 4%, and Ca^'^ 
concentration is increased by 13%. The magnitude of these changes is rather 
variable. 


Upon heating at high temperatures (greater than I00“C), phosphoric acid 
is hydrolyzed from casein, organic acids are formed from lactose, and amino 
groups are lost by Maillard reactions. Hence, the pH of the milk (at 20^C) 
toT) nearly a unit when healing is severe. (See also Section 

Concentration of the milk by evaporating water causes many changes, 
but heating is usually involved as well. Most dissolved substances increase 
about proportionally to the concentration factor, but Ca^* concentration 

coIIomT ? • ' ‘^™c^">ralion) and the quantity of 

colloidal calcium phosphate increases. The ionic strength increases but less 

addTrersXxr 

maTincre^^^^ Ca- ac- 

and phosphate that is dialv^w. a ^ '""“"•''alion. The fraction of Ca 

funhTr Xn holding t 

tration. by about 0 3 units for M concen- 

Concentr^ting by memble 3:1 concentration. 

InelectrodialXrowXleXiwXu^^^^^^ 

The actual selectivity of the membranX ?" removed selectively, 
selectivity equals flux of ions lo t!i rXvedm r 0-81>-0.98 (1 minus 
the rate of removal of different ions of other ions). Moreover, 

hydrated ion; the order is, foTTus^ce 
be removed by passing milk over an"io.;.«ba„gTc.^omr ' 
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A comprehensive and rigorous treatment of salt solutions is given in 
R. M. Pytkowicz, ed.. Activity CoeJJicients in Electrolyte Solutions, vols. 1 and 2 (Boca Raton: 
CRC Press, 1979). 

Salt composition of milk is treated by 

J. C. D. White and D. T. Davies, J. Dairy Res. 25 (1958): 235-55. 

A review of milk salts and their effects on milk properties is 

G. T. Pyne, J. Dairy Res. 29 (1962): 101-30. 

The distribution of salts between casein micelles and dialysate is treated by 

D. T. Davies and J. C, D. While, J. Dairy Res. 27(1960); 171-90. 

A review of amorphous calcium phosphate is by 

A. A. Posner and F. Betts, Acc. Cliem. Res. 8 (1975); 273-81. 
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lipid class, again, consists of many different kinds of molecules with varying 
component fatty acid residues. This fatty acid pattern is an important factor 
in determining lipid properties, such as melting range (Section 5.7), chemical 
reactivity (Section 5.6), and nutritional value (Section 19.4). Moreover, fatty 
acid pattern is highly variable, whereas the relative quantities of the various 
classes are far more consistent. 

The main variables are the following: 


1. Chain Length. Most fatty acids contain 4-18 carbon atoms; even- 
numbered acids are predominant, but odd-numbered ones occur too. 
A common notation is C,g for fatty acids with 18 carbon atoms. 

2. Number of Double Bonds. Saturated fatty acids have no double 
bonds (e.g., stearic acid C.g o); unsaturated ones do. C,8 2 thus means 
a fatty acid with 18 carbon atoms and two double bonds. Fatty acids 
with one double bond are called monoenoic, those with two are dien- 
oic, and so on. The double bonds in the carbon chain make the fatty 
acid unsaturated; 2 H can be added to it per double bond at high 
temperature with a suitable catalyst. The reactivity of the fatty acids 
generally increases with the degree of unsaturation. 

3. Position of Double Bonds. Many positional isomers can occur. 
Therefore, they have to be specified. C 182 A9,12, for instance, indi- 
cates that the double bonds occur at the ninth and twelfth bonds, 
counting from the carboxyl group. At high temperatures (e.g., 150 C), 
the position of the double bonds may change. When two or more 
double bonds occur in a carbon chain, it is customary to distinguish 
between conjugated ( — CH=CH — CH=CH ) and the more com- 
mon nonconjugated bonds (e.g., — CH=CH — CH 2 — CH=CH — , with 
one or more CH 2 groups between the double bonds). 

4. Geometric Isomers. Each double bond can be either in the cis 


or in the trans position 




The cis form is the common one in nature. Linolcic acid, for example, 
is CIS cis C,8- A9,I2. But in some literature, particularly on oil pro- 
cessing, linolcic acid is meant to include all C„ 2 acids. The same 
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confusion applies to oleic acid and Cn or linolcnic acid and C,g 3. 
Again, at high temperatures, cis may change into trans. 

5. Branching. Until now, we have tacitly assumed the carbon chain 
to be unbranched, hence Cig 2 meant n Cjj 2. But branched fatty acids 
also occur. These may be either iso acids, having the terminal group 


/ 

-CH 

\ 


,CH, 


CH» 


or anteiso with 


-4 


,CH, 




There are also traces of multibranched 
6. Keto and Hydroxy Groups. The keto 


and cyclic fatty acids, 
or 0x0 fatly acids may have 


O 

re- 


group at various positions* ihi* t -j 
methyl ketones (R-CO-CH > o i, residues give rise to free 
have the -CHOH- group at fal'y acids also 

that is, are 4- and 5-hydroxy fattv iactonegenic, 

lactones on heating. These comnllnS B'y' f- “"‘I 

of S-lactones Pounds have a distinct flavor. Traces 




are present in fresh milk 

quantities, which may arise "uvor, but highe 
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phospholipid), and they contain the group -C-0-CH=CH-R (enol 
isomer), yielding by hydrolysis HO-CH=CH-R-^ 0=CH-CH2-R. 

Table 5.2 gives data on the fatty acid pattern. It is clear that the pattern 
is quite different between lipid classes. (See also Table 5.1.) Note that Table 
5.2 gives the proportions in mole percentage. This facilitates calculations. 
Most literature data are given in mass percentage, and nutritionists in general 
use these. (See Table 19.2.) The appendix gives more information on minor 
fatty acids. (See Table A.3.) The total content of essential fatty acid residues 
(linoleic, linolenic, and arachidonic) is usually 2.4-3.0% (w/w). 

The composition of milk fat, however, is very variable. By far the most 
important cause for variation is feed, and both lipid and nonlipid components 
affect milk fat composition. (See Section 2.3.) Consequently, it will vary 
with time of the year, region, farming practice, and so on. Therefore, it 
makes little sense to give information on the variations, unless we give a 
detailed account of the effect of several factors. Table 5.2 gives some idea 
about the range of values usually encountered in mixed milk. But if feeding 
is exceptional, say by feeding “protected fats” in the diet, large discrepancies 
may occur. 

Nevertheless, the following general conclusions can be drawn about the 
fatty acid pattern of milk fat: 

1. It contains a relatively high proportion (15-20 mol %) of short-chain 
fatty acid residues, C 40 -C 100 . Butyric acid (C 40 ) is specific for milk 
fat of ruminant species. 

2. The proportion of saturated fatty acid residues is high; for example, 
70 mol % (= 63% w/w). 

3. Oleic acid is the most abundant of the unsaturated fatty acid residues 
(e.g., 70%). 

4. The other unsaturated fatty acid residues are present in a wide variety 
of chain length, unsaturation, and isomers. The total proportion of 
trans isomers may be 5 mol % (percentage of total fatty acids). 

5. There are several “odd” types offatty acids (uneven, branched, keto, 
hydroxy). This makes a very great range of some 250 different fatty 
acid residues; to this must be added fatty alcohol and aldehyde residues. 

It has been common practice to characterize the fatty acid pattern of a 
fat by some "fat constants,” like iodine value, Reichert Meissl Wollny 
number, and saponification value. They are not used much any more. A list 
is in the appendix. Table A.5. 

The variability in proportion of lipid classes is not well known, but it is 
probably not larp. However, changes may occur, particularly as a result 
oflipolysis (Section 5.5), and also from oxidation (Section 5.6) and heating. 
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shorter the chain length, the more of the acid is in the plasma. With de- 
creasing pH, more goes into the fat phase. The influence of pH on partitioning 
is largest for the shqrt-chain fatty acids. 

Besides the fatty acids derived from lipids, formic, acetic, and propionic 
acids are present in milk plasma. These acids and butyric acid also may be 
formed by microbial action from nonfat materials. Formic acid also is formed 
from lactose on heating. 


5.2.3. Compound Lipids 

The most abundant and best-known compound lipids in milk are the phos- 
pholipids or phosphatides, of which the phosphoglycerides make up the 
major portion. The formula for lecithin or phosphatidylcholine is, for example, 

O 

II , 

HjC— O— C— R' 

0 i 

R^-C— O-C-H 

i o 

Hji-O-P-O-CHj-CHz-Nl-CHj), 

O© 


In other phosphoglycerides, the choline residue is replaced by ethanolamine 
(-CH2-CH2-NH3+), serine, or inositol (a cyclitol). 

The two charged groups in the molecule give it a highly polar part. The 
rest is very apolar, so that the molecule is amphiphilic and does not dissolve 
well in either water or fat. The phospholipids, however, form micelles in 
water and in fat, with the polar ends at the outside and inside, respectively. 
They are difficult to transform from the hydrated into the other form, and 
vice versa. Their amphiphilic nature makes the phospholipids very surface 
active. In milk, they are in contact with water and with proteins as “lipo- 
proteins.” Little is known about the nature of the bonds in such complexes. 

Note also, from Tables 5.1 and 5.2, that the phospholipids, particularly 
the ccphalins, have many unsaturatcd fatty acid residues compared to the 
neutral glycerides. They include polyenoic fatty acids. This is important for 
lipid autoxidation. . .... 

In addition to phosphoglycerides, milk contains sphingolipids. Their com- 
mon residue is sphingosine: 

H 

CHjf— CH2)t:— 1 !^=©— 

H NH 

I 
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5.2. PROPERTIES OF VARIOUS LIPIDS 


Table 5.1 gives an overview of the main classes of lipids in milk. A common 
division is into neutral and compound lipids, where the latter also contain 
appreciable nonlipid building blocks, like phospho groups, organic bases, 
and glucides. Another division is into saponifiable and unsaponifiablc lipids. 
The latter do not yield fatty acids, alcohols, or aldehydes on hydrolysis. The 
table also gives some idea about the location of the various lipids. About 
0.5% of the total fat is in the milk plasma, largely in lipoprotein particles. 
These exist in a wide variety. (Sec Section 2.5.) Only some of the short- 
cham fatty acids are truly dissolved in the plasma. About 1% of milk lipids 
IS m the fat globule membrane, but the division is uncertain. (See Section 
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Table 5.3. Average Arrangement of Fatty Acid Residues In 
Triglycerides 


Notation 

1-Position 

2-Position 

3-Position 

4:0 

2 

1 

97 

6:0 

4 

12 

84 

8:0 

13 

42 

45 

10:0 

17 

50 

33 

12:0 

24 

50 

26 

14:0 

27 

56 

17 

14:1 

10 

45 

45 

15:0 

40 

53 

» 7 

16:0 

46 

42 

12 ■ 

16:1 

40 

37 

23 

18:0 

58 

20 

22 

18:1 

43 

25 

32 

18:2 

40 

40 

' 20 


39 

32 

29 


Note: Percentage of each acid in designated position of in-giycerol; approximate average 
values from various sources. 


not known. The major fatty acid residues (i.e., greater than I mol %) would 
give 1331 different triglycerides. Assuming that any other, minor, residue 
would not appear more than once in one triglyceride molecule, we come to 
the order of 100,000 molecular species. Clearly, milk fat shows a wide com- 
positional range. 

Moreover, there is probably no single triglyceride present in a large quan- 
lity. Assuming the distribution of the residues over the triglycerides to be 
random within the constraints of Table 5.3, the most abundant one would 
be PPO, making up about 2 mol %. It should be stressed, however, tipt 
these calculations are based on assumptions that may be reason.ible but are 
not proved. Moreover, the distribution of residues over the positions, as 
shown in Table 5.3, is not quite certain and probably varies between tots of 
milk. . _ 

Position of the fatty ncid residues in the triglyceride molecules affects 
physical properties, parlictilnrly crystallization, and it determines which fatty 
acids arc prcdominanlly liberated by enzymatic hydrolysis. On the other 
hand, position has little effeet on chcmictil reactivity. In any case, triglyc- 
erides arc not very reactive; at room temperature, oxidative attack of the 
double bonds may occur; at higher temperatures, keto and hydroxy groups 

may react. , . _ 

The triglycerides arc very apolar and not surface active. They act as a 
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In all of them, a fatty acid residue is bound to the -Nil group: on average, 
these lipids contain very long-chain fatly acids. (See Table 5.1.) In sphin- 
gomyelin, a phosphocholine group (as in lecithin) is bound to the terminal 
oxygen; it is thus a phospholipid. In the ccrcbrosides or glycosyl ccramidcs. 
a sugar group is bound. This is mostly glucose, and in milk lipids also lactose. 
The gangliosides are only a minor fraction of milk fat; they have several 
ketoses, including N-acetylncuraminic acid bound to the terminal oxygen. 
(See Figure 6.5.) 

The properties of the sphingoliptds arc comparable to those of the phos- 
p oglyc^ es. All of the compound lipids arc found mostly in the same 

"''mbrani: and milk plasma 

equal. Note that there are no compound lipids in the fat globule core. 

S.2.4. Unsapontnable Uplds 

These consist largely of cholesterol <C„H„OH): 

CH, 

CH I 

' ’ CH(-CH:)j_CH(-CH,)2 



A small fraction of the cholesterol is esierin a , 

bur authors disagree as to how much 7 saponihablc). 

the other, minor, sterols in milk. The conllicling results on 

assMiate with phospholipids. ^ apolar, but they easily 

rhere are numerous other tiniri • 

':=>rotenoids")'"v' ,'‘ *" 'l''=ntities. These 

tioxidants (mainly tocopherols) and L i (mainly A, D. and E), an- 
comtund'" ‘b' fat -n-'k are all predominantly 

compounds. (See Table A 4 ) rSn.. appendix gives a list of such 

be straSS'r" au^rte dlKce"’ r COW, the ana- 

etched to great length. "f th' analyst, the list could 


Each fat g| b GEOBUU MEMBRANE 

"occn.a.io„a„dcoa;:;S~^^^^^^^ 

'h= fat against enzyme aclh 
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Properties of the membrane are also of great practical importance, partly 
for the same reasons. All interactions between fat and plasma must take 
place through the membrane. Its total area is considerable (some 80 m^-liter" ' 
of milk), and it contains reactive substances and enzymes. Consequently, 
the membrane largely determines such deteriorative reactions as lipolysis 
and autoxidation. 


5.3.1. Origin 

From the cytological aspects of milk synthesis, it will be clear that the nascent 
fat droplets inside the cell have a thin layer around them and that they become 
enrobed in a typical bilayer cell membrane when leaving the cell. (See Sec- 
tions 2.1 and 2.4.3.) One may perceive these "layers” in electron micro- 
graphs of globules just expelled from the cell. The fat globule membrane 
thus largely derives from the outer membrane (plasmalemma) of the apical 
part of the cell or from that of the Golgi vesicles. Also, the composition, 
largely phospholipids and a wide variety of (glyco)proteins, is like that of 
outer cell membranes. 

This does not imply that the fat globule membrane is identical to the apical 
cell membrane, nor that it resembles it in structure. Electron microscopic 
studies, though often difficult to interpret, show considerable rearrangement 
of the membrane shortly after its formation, and for the most part no clear 
structure is observable. We may envision the following processes; 


Part of the more apolar substances from the apical cell membrane 
dissolves into the core. This is probably the case for sterols and 
carotenoids. This situation is not surprising. In the native state, the 
cell membrane is bordered at both sides by an aqueous environment. 
After enrobing the fat droplet, one side comes very close to a strongly 
apolar material. Now, we should not consider a membrane to be 
static. Its molecules are continuously in motion, both in tangential 
and radial directions, and minor ripples go over the surface. Consid- 
ering the very short distance to the fat core, molecules can reach the 
latter. Thermodynamic conditions then determine whether they dis- 
solve in the fat or stay in the membrane. Amphiphilic (i.e., surface- 
active) molecules will stay predominantly. Though the fat globule 
membrane does not originate as an adsorbed layer of surface-active 
molecules, as was envisaged earlier, this docs not imply that the laws 
of surface chemistry will not hold. 

Polar or hydrophilic substances may go to the plasma, cither by dis- 
solution or by vcsiculation (i.e.. formation of small, microsomc-likc 
particles of some 10-20 nm diameter that subsequently arc dislodged 
from the fat globule). There is both chemical and electron-micro- 
scopical evidence for these processes, but the amounts of substances 
involved arc uncertain. It may well be that the alterations discussed 
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under number 1 above induce a change in structure of the membrane 
which, in turn, leads to the loss of more polar substances. But part 
of the loss may be caused by the cooling that is commonly applied 
in membrane investigations. 

3. Substances from the milk plasma may become adsorbed onto the fat 
globules. Since there arc so many surface-active components avail- 
able, this assumntion snrx^nrc ntnucihfo mfm. 


e-ww— uib aw many suiiacc-acuvc componcnis 
able, this assumption appears plausible. There is at least one mem- 
brane protein that is probably identical to at least part of one of the 
proteose peptones (component 3) of milk scriim. But we should be 
careful in the interpretation of proteins and possibly other substances 
becoming associated with the fat globules. At low temperature. cr>'- 
oglobulms adhere to the globules (Section 14.3), and this may easily 
=«ociaItd ssilh Ihc fat globules. Uu- 
kocytes may swa^^low f,t globules (phagocjlosis) and then remain 

of plasma proTe'inr."' 

of s™?mel®“' *’>' -"fy lend to loss 

larly lipolvsis Jo adsorption of others. Particu- 

eculcsareformcd^ihit ® highly surface-active mol- 

surface. Proteolysis of from the globule 

chanees o.-r,.r Z « ° proteins also takes place. Other 


surface. Proteolysis of'membra^*^^ ©Jhcr substances from the globule 
changes occur on ^06 " O*" 


^obule membrane arealsoTound'h mnk'°r'* 'I'M arc typical of the fat 
from the membrane. It should be reM* ^ <*crivc pnrtly 

skimmed milk, small fat globutes ar7s m even in a wcll- 

the total membrane surface and ihu * representing some 5Cc of 

materials. In freshly drawn,’ uncoolcdm^t ^ *Tji5iakcn for plasma 
P-ms.smthefa.globu,es,ss.hiC^^^^^^^^ 

fahly large ones (prSly ^somMS”"”' Particles, even 
'■™"' •he fat glob^fn""’,!" ‘’'“"’'•'"■h They consist of 
fromih elongated panicles) and r”i remnants of mi- 

comr!n ^"doplasmic reticulum. Microbial organelles, probably 

on ipids; consequently, plasma linirt'^ white blood cells also contain 
Piasmal,p,d content increases with mastitis. 

The above discussion 

fa. Blobules.'5: ™ “=«"=« by ineW^ cvembT" 

B e., diluting cream with"''' ™hstfnccs “if-' "‘‘h the 

cream with water or a buffer a„f. ^ washing" the globules 

“ndreseparaiingi,,. After this is 
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repeated a few times, “pure” fat globules are left, but part of the membrane 
substances are lost in the washings However, no definition of the inner 
boundary can be made operational Numerous authors have isolated prep- 
arations from washed globules that they arbitrarily called “fat globule mem- 
brane ” The isolation procedure usually involves cooling, hence partial 
crystallization of the fat, and the creation of new interfaces This causes 
loss of material and contamination with core fat Particularly, the often listed 
“high melting triglycerides” result from contamination with triglyceride 
crystals 

By contrasting the composition of cream and skim milk, taking into ac- 
count the specific surface area of the fat globules in both liquids, the com- 
position of the membrane can be determined fairly unequivocally, for com- 
ponents that are absent from isolated fat For other substances, this method 
is questionable (e g , for cholesterol and carotenoids) or not feasible at all 
(particularly for neutral triglycerides) The latter also occur in outer cell 
membranes, though in small quantities Hence, they are probably part of 
the membrane (i e , present amidst phospholipid molecules) But assigning 
a numencal value to the abundance of neutral tnglycendes in the membrane 
makes little sense 

We should thus interpret the compositional data given in Table 5 4 with 


Table 5.4. Estimated Average Composition of Natural Fat Globule 
Membranes 


Components 

mg per 

100 g 

Fat 

Globules 

mg per 
m^ Fat 

Surface 

Percentage 

of 

Membrane 

Protein 

900 

45 

48 

Phospholipids 

600 

30 

33 

Cerebrosides 

80 

04 

4 

Gangliosidcs 

20 

0 1 

1 

Cholesterol 

40 

02 

2 

Neutral glycendes 

+ 

+ 


Hydrocarbons 

20 •’ 

0 1 

1 

Ribonucleic acid 

+ 

+ 


Carotenoids + 

OM'* 

2 X I0-* 

- 

Mtamin A 

Fc 

03 

15 X 10'^ 

_ 

Mo 

0 05 

2 X I0-* 

- 

Cu 

oot 

05 X 10'-* 

- 

Water 

200'* 

1 0 

tl 

Total 

>1860 

>9 3 

100 
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caution. We have given more weight to results from creaming experiments 
than to those on isolated preparations. The latter, however, arc indispensable 
for further study and characterization of components. 

Most of the proteins of the membrane are highly specific. Their compo- 
sition is about as intricate as that of the plasma proteins, but not nearly as 
well known. (See also Section 6.5.) There arc at least 10 different species 
with molecular weights from 50,000 to 150.000. They are predominantly 
glycoproteins, among which are sialoglycoproteins. Per 100.000 molecular 
weight, they contain an average of about 60 mol hexose, 30 mol hcxosaminc. 
and 6 mol sialic acid. Some have a very high glucidc content. ^Somc arc 
water soluble; some are not. In general, membrane glycoproteins have, 
besides highly hydrophilic glycosylated regions, strongly hydrophobic re- 
gions, which are needed for binding to the lipids of the membrane. Several 
proteins of the fat globule membrane arc mctalloprotcins. including some 
enzymes and cytochromes. 

(S« Section 7.2.) 

zvm;s "’""bmnes contain nnmerous cn- 

each makes un ahmn 'iwt'" phosphatase and xanthine oxidase: 

each makes up about 10% of the membrane proteins 

bra?e°cSn" on Ihfa«mn" f’'’™™"- ^PhioBolipids in the ntent- 

in the plasma.’ The amounts of d!Tn7m 

uncertain, but because of their "'onoglycendcs and fatty acids are 
brane is to be expected. The "'V’ ■" 'ho 

Numerous minor components a ’’“i 

various metals and glucidM)are in fact rartson'*' 

bound to Its proteins The auanUti, • some water, pnmanly 

Membrane%om^;ifc„nrialE T estimate, 

ules in one lot of milk, and between .ii ' between glob- 

to evaluate the degree of variabilitv n m 

matcnal recovered may merely rcflecl <>f o membrane 

he globules. Considerable difference. ' specific surface area of 

founck but even these may not be cm 'a' '^a''° components have been 
membrane composition, since the representation of 

t’'""**- 'Nevertheless some I i components may be lost to 
must be the cause. ’ variability of the membrane 


forthe outer Side cfth^SflSSeT 

•'cre IS clear evidence that at 1 



5.3. The Fat Globule Membrane 


75 


some of this sidedness is retained in the fat globule membrane. Some phos- 
pholipids are largely unreactive to enzymatic hydrolysis when whole globules 
are treated with phospholipases. Some enzymes are fairly inactive when 
they are part of the fat globules. But there is also clear evidence, largely by 
radioactive labeling, that much of the original sidedness of the cell membrane 
is lost. 

The interfacial tension of natural fat globules is very low, 1-2.5 mN-m“'. 
This is lower than can be achieved by adsorption of membrane components 
at an oil-water interface. It implies that the membrane substances form a 
highly condensed and somewhat ordered surface layer. 

It often is assumed that the membrane contains particles or thickened 
sections. There is fair evidence that lipoprotein particles are indeed present, 
though the number seems variable. Anyhow, membrane thickness is mark- 
edly uneven. From Table 5.4, an average layer of 8-9 nm is calculated; but 
thickness varies from place to place. Probably, the membrane is also “hairy”; 
some molecular hydrophilic chains (probably from glycoproteins) protrude 
for some distance (maybe about 10 nm) into the plasma. 

5.3.4. Changes Caused by Processing 

Manufacturing processes applied to milk include several treatments that may 
alter membrane composition and properties. 

Conlin f) (e.g., to 4°C) is a very common treatment, often already applied 
on the farm. It leads to a migration from fat globules to milk plasma of 
phospholipids (about 1/5), xanthine oxidase, natural Cu (about 1/3), proteins, 
and probably other substances. Judging from H 2 S production when heating 
cream and skim milk separated before and after cooling, cooling causes more 
than half of the membrane proteins that give rise to H-S to be released from 
the globules. The cause of these changes is unknown. It may be that the 
weakening of hydrophobic bonds at low temperatures is involved, but the 
changes appear to be largely irreversible. It may also be that crystallization 
of part of the fat is somehow responsible. It is known that fat crystallization 
is essential in producing the temperature-induced changes in rate of lipolysis 
and in thickening of cream (“rcbodying"), which phenomena must be re- 
flections of changes in the membrane. 

Cooling causes adsorption of cryoglobulins onto the fat globules. It is not ■ 
known whether other substances are adsorbed. 

Agi tation may have several effects. It may cause coalescence of fat glob- 
ules, which leads to release of membrane material, since fat surface area 
decreases; the amount released is probably about proportional to the de- 
crease in surface area. When air is beaten in, fat globules come into eontact 
"■'ith air bubbles and lose part of their membrane as it spreads over the 
air-water interface. (See Section 15.2.) 

Fat globules may become damaged, losing part of their membrane (e.g., 
by contact with air bubbles). They will subsequently acquire a coat of plasma 
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proteins at the damaged spot. This will always happen to some extent, and 
undoubtedly it starts during the milking process. When fat globules arc 
disrupted, thereby increasing their surface area, protein adsorption is con- 
siderable. It happens, for instance, during evaporation of milk and, naturally . 
during homogenization. By far the greater part of the surface of homogenized 
globules is covered with plasma proteins, particularly casein. The fully syn- 
thetic fat globules in recombined milk do not even contain remnants of the 
original membrane. 

Damage to the fat globules in nonpastcurized milk will also cause lipolysis, 
which in turn may furthcralTect the membrane. Phospholipases from bacteria 
(e.g.. Bacillus ccreus) may alter membrane composition considerably and 
cause coalescence of fat globules. 


Hea ting i s accompanied mostly by agitation or vigorous streaming, and 
this may cause coalescence of fat globules, particularly at higher tempera- 
tures, as well as some disruption. Heating, as such, causes changes in the' 
membrane proteins, probably some denaluration. The release of 11:5 has 
already been mentioned; it takes a few minutes at 80'C or a few seconds at 
100 C to produce a noticeable quantity. It is not known for certain whether 
substances are released from the membrane on healing. There is evidence 
probably whey prolcins, A consiilcrablc frac- 
in^tance at SOT."' ” "" 


adMiothIni™ * K °nro the fat plobules. Cu 

ranr.r.tarora^eSal^^ 


THE FAT IN MILK PRODUCTS: MODIFICATION 

fa" of roilit (core 

dance of these fractions their lioid^' ^ 'he relative abun- 

examples. Naturally! Updyl'Tm XT'”" “‘’"’'i 

on whether it occurred before or n ^°niposUion; its effects depend 
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The triglycerides in buttenIrllkThat 

by the churning of cream) have a iX “ buttermilk obtained 

mdk fat, which is reflected for melting range than those of whole 

of the fatty acid residues. The difrer.^.f ’ ^ higher degree of unsaturation 
«sses occurring during churainc re ? *’“ '’'P'^'ced from the pro- 
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Section 14 l i globule size in various prod- 

^2^:SCS^’i^^^sea„bemadei„variousways 
’ composition closely resemw u '‘"S and separating th« 
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Table 5.5 Approximate Content of Various Uplds in Some Milk 
Products 


Percentage of Product (w/w) 

Free 


Product 

Total 

Fat 

Phospho- 

lipids 

Sterols 

Fatty 

Acids 

Milk 

4. 

0.035 

0.013 

0.008 

Skim milk 

0.06 

0.015 

0.002 

0.003 

Cream 

10. 

0.065 

0.03 

0.017 

Cream 

20. 

0.12 

0.06 

0.032 

Cream 

40. 

0.21 

0.11 

0.06 

Buttermilk" 

0.4 

0.07 

0.005 

0.002 

Buttermilk* 

0.6 

0.13 

0.011 

0.002 

Butter 

81. 

0.25 

0.21 

0.12 


"From cultured cream of 20% fat. 
*Same, 40% fat. 


globules. If it is to be called “anhydrous milk fat,“ it should contain at least 
99.8% of milk fat and not more than 0.1% water. 

The butter oil also may be obtained by washing cream (i.e., diluting with 
water and reseparating) and then drying it (e.g., in an evaporator or a spray 
dryer). The fat-insoluble membrane components (protein, part of the com- 
pound lipids) are removed by filtering or centrifuging the oil. But part of the 
compound lipids, particularly phospholipids, now become dissolved in the 
fat. 

Ghee generally is made in a similar way. Cream or butter is heated in a 
vat until all water has evaporated, and the insoluble parts arc removed. The 
heating produces several components, such as lactones and methyl ketones. 
These give ghee its typical taste, which varies according to the source and 
pretreatment (e.g., culturing of the cream). 

All of these processes leave the physical properties of the fat essentially 
unaltered; they are listed in the appendix. Table A.21. Milk fat can be 
fractioned by partial crystallization and separation, and this yields fractions 
with different properties. (See also Section 5.7.) Another consequence is 
that fat-soIublc components, like cholesterol, vitamins, and carotenoids (hence 
color), become concentrated in the liquid fraction. 

Milk fat can be modified chemically, but the products can no longer be 
called milk fat. Hydrogenation saturates double bonds and increases the high 
melting proportion of a fat. hence its firmness; this is why the process is 
often called hardening. Intcresterification can be achieved by heating the fat 
in the presence of a ctitalyst (e.g.. sodium methoxide). It is also called 
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randomizing, since the distribution of ihc fatty acid residues over the po- 
sitions of the glyceride molecules becomes random. For milk fat, inlcrcs- 
terification results in a higher melting range. Cis^trans isomerization has a 
similar effect on its melting range. None of these chemical modifications is 
applied presently to milk fat on a commercial scale. 


5.5. UPOLYSIS 

Lipolysis of milk fat leads to an increase in the concentration of free fatty 
acids, and this may give the milk product a rancid or soapy taste. The extent 
of lipolysis usually is expressed as the acidity or acid degree value of the 
fat in millimoles of free fatty acid per 100 g of fat. Acid degree values greater 
than 1 usually are considered to be undesirable in milk; at this point, rancidity 
may become perceptible by taste. Usually, milk docs not become rancid 
spontaneously, though the milk of some cows docs. In other words, there 
IS much variability in susceptibility to lipolysis. On the other hand, lipolysis 
always can be induced in fresh milk by vigorous agilalion. 
nrhlnfi f ^ ^ lipopfotcin lipase (E.C. 3.1.1.34). Us 

of the blood "so that lipoproteins and chylomicrons 

with proteins and enmn to be attacked arc associated 
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tivity Dissociation of the enzyme from the casein micelles depends 
on largely unknown faetors, and presumably vanes Factors 1 and 
2 cause the turnover rate in milk to be reduced to some 100 s"', 
which can induce perceptible rancidity in about 5 mm, under con- 
ditions that are otherwise optimal (induced hpolysis) 

3. The natural fat globule membrane protects the tnglycendes effec- 
tively against enzyme attack The interfacial tension of the globules 
IS so low (< 2 5 mN m“') that the enzyme cannot penetrate the 
membrane to gam contact with the fat If the membrane is damaged 
and locally replaced by plasma proteins, the interfacial tension is 
increased and the protection impaired This is what happens when 
hpolysis IS induced by homogenization or foaming (See below ) It 
will happen often to some slight extent during normal handling of 
milk 

4. The apoprotein cofactor alone is not effective in inducing the enzyme 
to attaek natural fat globules But when the lipoproteins that contain 
the apoprotein are added in sufficient quantities, hpolysis follows 
The simplest explanation would be that the complex of enzyme with 
lipoprotein can lower the interfacial tension sufficiently to penetrate 
the membrane Blood serum added to milk thus causes hpolysis, 
though there are large differences among cows, with respect to the 
milk as well as the blood (See Figure 5 1 ) The apoprotein alone, 
however, is effective as an activator for hpolysis of fat globules that 
are not covered by natural membranes 

5. Milk contains inhibitors (besides the casein micelles), probably in 
variable quantities Part of the inhibitors are dialyzable and part 
consist of low molecular weight proteins, among which is the pro- 



nsvre 5 1 Some observations on hpolysis in nonagilaled fresh milk kept for 24 h at 4”C 
ADV = acid decree value as mmol per 100 g fat Different lines pertain to milk from different 

sow (A)Etfectofaddingbovinebloodsenim (Bteffectofmixmg susceptible with normal 

otilk Mainly aUer unpublished results of A Jellema 
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icose-pcptone component 3. The proteins probably act only ns in- 
hibitors for enzyme attack on natural fat globules. The inhibition 
can be overcome by suHicient lipoprotein activator. Incidentally, 
some apoproteins also act as inhibitors. 

6. Milk probably contains variable quantities of unknoxsn stimulators 
(besides the lipoproteins). There is thus a subtle balance between 
inhibitors and stimulators. This may affect the enzyme as such, the 
cofactor, the binding of cn/yme to substrate and to casein micelles, 
and the binding of the fatly acids formed. Scrum albumin can bind 
fatty acids, but it is questionable whether such binding significantly 
reduces product inhibition in milk. 

7. Temperature alTecls the partitioning of potential enzyme activity 
between fat globules and plasma. Trohably, this scarcely concerns 
the enzyme as such. Some obsers-ations point to the cefaclor lipo- 
protein being adsorbed onto the fat globules at low tcmpcrriturc. 
(Incidentally, cold agglutination of milk fat globules probably also 
mvolves adsorption of a lipoprotein onto fat globules. See Section 
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There is hardly any correlation between the potential lipolytic activity of a 
milk (e g , measured in a milk to which heparin has been added to free the 
enzyme from the casein micelles and using a tributyrm emulsion as a sub- 
strate) and the actual activity (i e , the quantity of free fatty acids formed 
in the milk on standing ) 

Susceptibility of the milk to lipolysis varies widely among cows Presum- 
ably, this IS caused by differences in quantities of activators (cofactor) and 
inhibitors When a “susceptible” milk is mixed with a normal (i e , non- 
susceptible) one, the degree of lipolysis of the mixture vanes by no means 
linearly with the mixing ratio (See Figure 5 1 ) This points to an excess of 
inhibitors m “normal” milk If this were not so, mixed milk would become 
rancid far more often 

The optimal conditions for lipolysis m milk may differ markedly from 
those in expenments in vitro (enzyme + cofactor H- suitable substrate) 
Optimal temperature is mostly much below 37°C, about 15°C or even lower 
This may be caused by enzyme inactivation at higher temperatures and by 
better binding of the cofactor to the fat globules at lower temperatures or 
by other factors, compare the temperature-induced activation, below The 
relation between activity and pH also is altered For instance, the ratio 
between activity at pH 6 6 to that at 8 5 is much higher than m expenments 
in vitro 

It often IS assumed that spontaneous lipolysis is caused by a relatively 
large quantity of activator or cofactor being transferred to the milk from the 
blood Indeed, addition of bovine blood serum (also of pasteurized blood 
serum) to milk boosts lipolysis (See Figure 5 I ) Small additions have little 
effect It also has been assumed that conditions that favor passing of blood 
components to the milk would correlate with enhanced lipolysis, and it is 
indeed found that mastitis and estrus lead to a somewhat increased fat ac- 
idity It also increases, often markedly, with stage of lactation, but an even 
better correlation is found with milk yield When the latter falls below 3 kg 
per milking, the probability of lipolysis becomes much higher Feeding ra- 
tions of low quality also may increase lipolysis in the milk 

Substrate activation can be done in three ways homogenization, foaming, 
and temperature manipulation The first two of these methods are very 
similar and they always work, though there are quantiative differences 
among’lots of milk The explanation must be that part of the fat globule 
surface becomes coated by plasma proteins or other substances, and that 
this surface coat cannot protect the fat as the natural membrane does Figure 
5 2A shows that initial lipolysis can be very rapid Consequently, milk should 
always be pasteurized before it is homogenized, to avoid rancidity It has 
been assumed that the largely casern-bound lipase becomes partly adsorbed 
onto the fat surface during homogenization or foaming But this cannot be 
the explanation, since mixtures of raw milk (or skim milk) and homogenized 
pasteurized milk show extensive hydrolysis (See Figure 5 2B ) Now, the 
homogenized fat globules, which act as the substrate, cannot have acquired 
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psychotrophic bacteria has taken plaee, the milk often contains heat-stable 
bacterial lipases. They may even partly survive UHT treatment (e.g., heating 
at 140°C for 5 s). When the product is kept for a long time, even very little 
residual lipase may cause rancidity. 

When is milk rancid? Most people taste it when the fat acidity is above 
1.4 mmol per 100 g. But this is the acidity as measured, and that implies for 
most methods that one-fourth to one-third of the free fatty acids are not 
recovered, sinee they are in the plasma. Therefore, the true acidity at the 
threshold of taste is higher. The C4 to C12 acids are especially prominent 
contributors to detectable rancidity. Experimental results on the threshold 
concentration are not consistent, as it appears to be affected by several 
factors; it is probably lowest for caprylic acid (Cs ol e.g., 10 ppm in water). 
But the lower their molecular weight, the greater the proportion of the fatty 
acids in the aqueous phase, and there they can be tasted best. 

The pH is an important variable, since it strongly affects partitioning 
between the phases and since the undissociated acids give the rancid taste. 
(See Section 5.2.2.) Sour-cream buttermilk, for instance, has a much lower 
coneentration of free fatty acids than sweet-cream buttermilk. The latter 
may still not taste rancid, but if it is acidified it probably would; since there 
is little fat present, most fatty acids will stay in the plasma, causing rancidity. 

Finally, it should be mentioned that the flavor caused by free fatty acids 
is not always undesirable. In certain types of cheese (blue cheese, aged 
Cheddar, or Gouda), it is even wanted. 

5.6. AUTOXIDATION 

Unsaturated fatty acids, whether free or esterified, can be oxidized. With 
some simplification, three groups of reactions can be distinguished. 

1. Initiation. It generally is assumed that oxygen molecules in the sin- 
glet state ('O2) can oxidize a CH-group directly while shifting the 
double bond and forming a hydroperoxide: 

1 O 2 — CH=CH — CH 2 > — CHOOH — CH=CH — (5.1) 

Normal (i.e., triplet) oxygen cannot do this, but it occasionally can 
be transformed into singlet oxygen by radiation (e.g,, light), 'O2 can, 
moreover, be produced by some other reactions. (See Section 11.5.) 
Presumably, a suitable catalyst (e.g., a heavy metal ion) can transform 
the hydroperoxide (denoted as ROOH) into a free radical (e.g., ROO-). 

2. Propagation. Now, a chain reaction can set in, involving triplet 
oxygen; 

r-> ROD- + RH-* ROOH + R- (5.2) 

R. + 302-> ROO- 
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These reactions can keep themselves going, producing hydroperox- 
ides, hence the name autoxidation. 

3. Termination. Free radicals also can react with each other, giving 
R-R or R-OO-R, thus terminating the reaction. This gives rise to 
polymerization. (Highly unsaturated oils like linseed oil thus form a 
gel on oxidation.) 


Antioxidants can interfere with the reactions, usually by reacting with 
the radicals, thus blocking the chain reaction. However, they are consumed 
in t IS process. Many fats contmn natural antioxidants, most tocopherols. 
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like whole milk powder and butter, the period for off-flavor development is 
usually a matter of months or even years. 

The kind of off-flavor may differ with product and conditions. This is 
largely cjiuseSTby dilterences'in'flavoi- components form ecl by autoxidatlon, 
but also by interaction with the other flavoring substance's present. TITmin^’ 
we usually speak of “_OTidized” or “tallowy” flavor. Sometimes, a “card- 
board” flavor is observed; this is probably caused by £xidatiqn_^f_phosj^ 
phoUpids. In sour-cream buttermilk, this may lead to a metallic flavor. For 
milk powder, the terms “oily,” “fatty,” or “tallowy” are mostly used. 
Butter becomes “oily” and, if strongly oxidized, “fishy”, (though the flavor 
actually resembles that of some marine oils like train oil or cod liver oil, not 
that of fish). The flavor caused by autoxidation is not always undesirable. 
For example, slight oxidation contributes to the typical aroma of buttermilk. 
(See also Section 18.3.) 

Autoxidation in liquid milk products usually starts with the phospholipids. 
They have highly unsaturated fatty acid residues (Tables 5. 1 and 5.2), and 
they are in contact with the main catalyst, Cu. After autoxidation is in 
progress, the triglycerides are also attacked. If Cu content is very high, 
triglycerides can become oxidized in the absence of phospholipids. 

The role of Cu is crucial and depends primarily on its concentration in 
the fat globule membrane. It is necessary to distinguish between natural Cu 
(i.e., Cu present in the milk before milking) and Cu entering by contami- 
nation, which we will call "added” Cu. Contamination can come from the 
surface of the udder (dirt always contains Cu), from milking and processing 
equipment, and from water. Milk is one of the most efficient fluids known 
for removing ionic Cu from surfaces. Copper is largely’bound by the milk 
proteins. 

Of natural Cu (usually 20-25 ng-kg*' of milk; in early lactation up to 100 
Ag), part is in the membrane, the amount being fairly constant at 10 pg/100 
g fat globules. Added Cu (mostly between 20 and 500 pg/kg) is much more 
active as a catalyst than natural Cu. In fresh milk, 1-10% of added Cu goes 
to the fat globules, the percentage increasing with the quantity added. Cu 
associated with the globules may increase with processing. (See below.) In 
aqueous systems, Cu is particularly active as an oxidative catalyst against 
triglycerides if proteins and phospholipids are present. Other metal catalysts, 
notably Fe, become inactive in the presence of proteins; consequently, they 
play no role in autoxidation in milk products (except possibly in butter oil). 

Fat oxidation in milk also can be induced by light, particularly light of 
short wavelengths. Putting a l-liter bottle of milk for 10 min in direct sunlight 
usually suffices for a tallowy flavor to develop within 12 h. The light-induced 
oxidized flavor is to be distinguished from the “sunlight flavor” that can 
develop in (skim) milk on exposure to light, and in which the lipids play no 
role. (See Sections 11.5 and 18.3.) 

Several milk substances are involved in the autoxidation reactions. As- 
corbic acid is essential for Cu-induced oxidation in milk, but large quantities 
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may inhibit it by lowering the redox potential, which is a factor in autoxi- 
dation. Some metalloproteins, notably milk peroxidase and xanthine oxidase, 
promote autoxidation, but not by their enzymatic action. The cytochrome 
of the fat globule membrane may be involved in the initiation (perhaps by 
formation of singlet oxygen). Autoxidation is inhibited by tocopherol, though 
its concentration in milk is low. It may, however, be predominantly in the 
fat globule membrane, and its abundance would then be on the order of 20 
mobmol ‘ of Cu. The concentration of tocopherol in milk varies with the 
feed of the cow, and this is negatively eorrelated with proneness to oxidation. 

At any rate, there are large variations in susceptibility to develop an 
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5. Sail Content. This is mainly important in butter. In sweet-cream 
butter, added salt decreases the rate of autoxidation; in cultured- 
cream butter (e.g., pH 5.0), the rate increases. 

Processing may affect the development of oxidized flavors considerably, 
and often it is necessary to optimize process conditions to ensure good 
keeping quality: 


1. Cooling of the milk (e.g., keeping it at 5°C for a few hours) causes 
nearly half of the natural Cu in the membrane to move to the plasma; 
the change is apparently irreversible. 

2. Heating causes many relevant changes. Some of the added Cu moves 
to the fat globules. This is noticeable after heating for 15 s at 60°C, 
and it is considerable after 15 s at 90°C. The Cu content of the mem- 
brane may increase by several-fold. The oxidation-promoting prop- 
erties of the xanthine oxidase and lactoperoxidase proteins are en- 
hanced when they are denatured by heat. Heating for 20 s at 75°C 
causes roughly 40% of the xanthine oxidase to become denatured (as 
measured by loss of enzyme activity). These effects may be the cause 
for the marked increase in proneness to autoxidation by low pas- 
teurization. But more intense pasteurization gives a large decrease 
in autoxidation rate. This may be caused by the exposure of -SH 
groups, caused by heat denaturation of )3-lactoglobulin. (See Section 
10.3.) Free HjS also is formed on heating (presumably from proteins 
of the fat globule membrane), and this may strongly diminish the 
activity of Cu^*, considering the extremely low solubility product of 
CuS (~ lO”"” mol^ kg"’). Possibly, Maillard products also contribute 
to the marked increase in stability toward autoxidation by heating 
the milk, say, for 20 s at 95°C. Finally, heating for 15 s at 83°C or 
higher largely prevents the transport of Cu from plasma to globules 
on acidification. This is of great practical importance when making 
butter from cultured cream. 

3. Separation can, in principle, be done before or after the milk has been 
kept cold though in practice in many countnes mdk is separated only 
after cooling. Heating can be applied before or after separation, to 
the milk or to the cream. These variables affect the distribution of 
Cu between skim milk and cream, as follows from items 1 and 2 
above Fat content of the cream will affect Cu content of cultured- 
cream butter markedly; the higher the fat content of the cream, the 


lower the Cu in butter. 

4. Homogenization of milk very nrach diminishes its proneness to au- 
toxidation whether induced by Cu or by light. This effect must result 
from the change in surface coat of the fat globules, but the explanation 
is unknown Recombined fat globules need very much Cu to induce 


autoxidation. 
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5. Addition of antioxidants may enhance stability to autoxldation con- 
siderably, but this usually is not allowed by law. Nor is it usually 
needed if the milk and its products are properly handled, processed, 
and stored. But a serious problem arises with whole milk powder; to 
give it a good keeping quality, the milk should be heated intensely, 
and this may produce unwanted properties, like a “cooked” flavor. 


5.7. CRYSTALUMTION 


natural fats are complicated phenomana, and 
d c ride, ■?' °f different tri- 

fmnortance is of great practical 

(Section m’?! and iT Physical stability of the fat globules 

(Sechon 14.2) and the consistency of high-fat products (Section 16 4). 


3*7.i. Melting Range 

up toAree melUnri»tas"(S«?ecdon TyTl'n ® 

we will consider here only its final simplicity, 

with the melting points of L dosely correlated 

chain length and saturation. (See TahS^s'/t'D increase with 

the melting point: variables also affect 


^5 KloTr."™'" Odd ones on ,be avetage me: 

Branching, a decrease by l^Q K 

p'noubietid'rjoTbrr “■> k. 

Conjugated dr double-bond pa'ir; ~ 

One hydroxyl group; 5_5o K higher than nonconjugated 

Besides the fatty acid - . 

rmeWntS‘,!'‘‘?™'"“i‘'™Wngi^ i" =« ‘riglyc 

the triclfr^"!^ depends on the dkirih^ '”” thus ha 

amon 

Peln^ilicLT„,”"‘^'’'’''^"'"‘'yrromrranL • of tripalmitate and tr 
^ points Of .n.,-.,. .. alten 


Tf" mehing poim, =*'^o alters 

■ ‘^oh'Eher-meltingtriglyceri, 



5.7. Cfyst^llzatlon 


89 


dissolve m the liquid fat For a mixture of two triglycerides with widely 
different melting points, the solubility x (as mole fraction) of the highest 
melting one at temperature T is given by 

i? In r = A,/. - I) (5 3) 

where Af/i is its molar enthalpy of fusion or melting heat (for many triglyc- 
endes between 100 and 200 kJ), and 7) is its melting point (degrees Kelvin) 
Assuming that tristearate (Ar/i = 205 kJ mol ') is the final melting triglyc- 
eride in milk fat, its concentration would be predicted as 3 x 10 mole 
fraction, which is a reasonable result The equation does not hold precisely 
for the components in milk fat, but serves to explain why any one triglyceride 
will melt or crystallize over a temperature range The superposition of the 
ranges for all triglycerides gives the melting range of milk fat 

An example is given m Figure 5 4 There are, however, large differences, 
pnmanly caused by differences in fat composition, but also by differences 
in treatment, particularly temperature history, as will become clear below 
Solid fat content at 0°C may range from about 45% to 90%, or the temperature 
at which 50% of the fat is solid may be between -5'C and +20°C Final 
melting point is rarely far from 37'C Solidification curves (i e , solid fat 
content as a function of temperature when lowering the temperature) may 
be much different, because of supercooling (See Section 5 7 2 ) Most lit 
erature data on solid fat contents give only an apparent content, because of 
the analytical methods employed (dilatation or thermal analysis), this will 

become clear below . , , 

For most purposes, costolhnefat and solid fal can be taken as synonyms 


% melting per K 
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But “solid” also refers to consistency in common parlance. For example, 
milk fat at 5®C looks like a solid, but it contains maybe 50% liquid fat. 
Consequently, it is difficult to separate a partially crystalline fat into a liquid 
and a solid portion. The latter always contains much liquid fat. This severely 
curtails attempts to fractionate milk fat Into high and low melting portions 
by letting it crystallize at a temperature within its melting range (say at I0®C) 
and separating the fractions. 

An important practical variable — deriving from differences in ,solid fat 
content— is the firmness of the fat. particularly in butter. Other factors also 
atlect firmness. These aspects are discussed in Section 16.4. 
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ngure 5 5. Proportion of fat being solid W after 24 h cooling to temperature T (After keeping 
It at O'C It was warmed again ) (A) Milk fat in bulk. (B) the same fat in recombined milk, i e , 
in small globules Example after P WalstraandE C H van Beresteyn, M, Ik Dairy J 
29 (1975) 35-65 


number of catalytic impurities per unit volume is 5, then the proportion of 
the fat in globules containing one or more catalytic impurities y is given by 

ym-u. = > - exp(-vB) (5 4) 


And IS then also the maximum proportion of fat present in globules in 
which the fat can partially crystallize Naturally, depends on temper- 
ature. since B does For milk fat, B roughly doubles for each 1 75 K lowering 
of temperature Figure 5 6 gives examples ofymax ns a function of temperature 
and globule size 

Nucleation particularly if heterogeneous, does not occur instantaneously 
but takes time, depending on nucleating volume (i e , globule volume) and 
temneraiiire In oractice, it is almost complete for milk fat in globules after 
abom 30 min at 5”C, 1 0 h at lO’C. 2 5 h at I5"C, and 60 h at 20»C (This 
does not include the time needed for crystal growth ) Nucleation also de- 
pends on fat composition A mam variable is lipolysis, as more fat is hy- 
drolyzed less deep supercooling is needed Presumably, micelles of mon- 



figure 5 6 Fraction of the fat present in 
globules (diameter </) that eventually will 
contain solid fat after keeping at the 
indicated temperatures Example after P 
Walstra and E C H van Bercsteyn Neih 
Milk Dam J 29 (1975) 35-65 
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oglycerides are the main catalytic impurities in globular milk fat, and their 
number increases with lipolysis. 

5.7.3. Crystal Growth 

In most cases, the crystals initially formed are platelets whose 
length:width;thickness « 4:2:1. Their concentration would be on the order 
of 10 per milligram of fat. Their length usually becomes 0. 1-2.0 ^m. 

As IS common with crystallization, rapid and deep cooling of milk fat 
leads to many nuclei, hence small crystals. Particularly in fat globules, where 
supercooled easily, fat crystals are very small. In bulk fat, 

mav lead to conditions (see below) 
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Table 5.6. Polymorphism of Triacylglycetides 


Polymorph" 

a 

P' 

P 

Crystalline form 

hexagonal 

rhombohedral 

triclinic 

Main short spacings (A) 

4.15 

3.8; 4.2 

4.6 

Properties of tristearale: 
melting point (®C) 

55 

64 

72 

enthalpy of fusion (kJ'kg"‘) 

160 

180 

230 

melting dilatation (cm’-kg"') 

119 

(132) 

167 


"According to Lutlon's classification. 


The a and p’ modifications are not stable. Transitions can take place 
according to the scheme 



where solid arrows denote exothermal changes and dotted arrows show 
endothermal changes. Other transitions cannot occur. 

Nucleation of a fat usually occurs in the a modification. Mostly, after a 
little while, transition to a stabler polymorph occurs. In milk fat that has 
just started to crystallize at, say, 5°C, we can observe that warming at first 
causes melting, followed by a second solidification (in a stabler polymorph), 
and finally melting occurs. In most fats, the a modification has only a short 
lifetime, while /3' may persist longer. In milk fat, a crystals can be very 
persistent (the reason will become clear below), and at low temperatures we 
mostly find all three modifications simultaneously. The final melting points 
are in milk fat approximately 22'’C, 30°C, and Sfi'C for a, p', and p, respectively. 

5.7.5. Compound Crystals 

A compound or mixed crystal contains two or more different components 
(molecular species). In some, the components may occur in all proportions; 
in others the compositional range is restricted. We can further distinguish 
solid solutions (the molecules are interchangeiible at any location in the 
crystal) and layer crystals (each layer of one or two molecules thick contains 
only one type of molecule). 

In fats, both types probably can exist. Compound crystals are formed 
easily in the a modification; since the molecular packing is not very dense, 
there is some freedom of fitting difTercnt molecules into one crystal lattice. 
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By the same reasoning, compound crystals are less abundant in the P’ mod- 
ification. In p crystals, the molecules must be very similar, and only small 
fractions of one kind of molecule can be in the crystal of another. Compound 
fat crystals are not stable; they tend to slowly rearrange into pure crystals. 
They have a lower enthalpy of fusion and a lower density than pure crystals. 

Milk fat exhibits extensive mixed crystallization, the more so when it is 
cooled more rapidly to lower temperatures. This probably is caused by the 
very great number of different, though similar, triglycerides. The final melting 
temperature of a compound crystal containing many similar triglycerides 
may be higher than that of each of the molecules separately, though TV and 
^th of equation 5.3 will be lower. But the total concentration at saturation 
X IS much higher than that of each separate triglyceride. This also may be 
the t^use of the persistence of the a modification in milk fat, since such 
Mi«Zr'r",‘ i" •I’is polymorph, 
pies Wne two “ diagrams.^e sim- 

^itional mnee “">Poond crystals over the full corn- 

only liquid below the \ Ta' m Figure 5.7. Above the liquidus line there is 
am both. Fort^^^ there is only solid fat, and in between there 

Ti to Tj gives crvstals’wiih rn ^ composition rapidly from 

The mass ratio of solid to liquidMuj^oJ/ir'’ Wh 
IS changed, the comnositinn ort,„.v .• When the temperature 

it may take a long time before^quilibrium^‘’ ““ 

rangement has to take nlace in " 'JI?' ** ^’^^ched; this is because rear- 

the more so as temSm ^ 

"in leave the solid S uVlaraeW as 7 <"^“1"== ‘P 
segregate into a, (liquid) and o. (solid) Aft™ ‘a P’’^^ "'til 

slowly into a,, but the amuunt of o a ''Pterward, n, crystals will change 
proportion of solid fat increases. ' “ this process; hence, the 

ofRgut Pf binary mixture 


"7 — Aiicicare 

crystals and others don 


It mear.. uinary miAiuic 
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compound crystals. exisUng^aeby7d“^^^^ Hes of many 

tnosi 01 Its melting range. In 
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analogy to the simple phase diagram, some qualitative conclusions can be 
drawn 


1. Compound crystals narrow the melting range 

2. The temperature at which most of the fat melts depends on the tem- 
perature at which solidification took place Cooling in steps may give 
two melting maxima (See Figure 5 8B ) 

3. Cooling in steps, or very slow cooling, which is about the same, gives 
less solid fat than rapid cooling to the lowest crystallization temper- 
ature (See Figure 5 8A ) 

4. Cooling to a lower temperature before bringing to the final temper- 
ature gives more solid fat than direct cooling to the latter This is 
shown in the hysteresis at low temperatures in Figure 5 5A 

5. When equihbnum has not been reached (i e , when the fat has not 
been directly cooled to and kept at one temperature), rearrangement 
of crystal composition occurs (See Figure 5 8B ) Below 5°C, this 
may be a matter of months, above 10°C, it may take days or hours 
After lowering the temperature of partially crystallized milk fat, the 
amount of solid fat may increase during several days After increasing 
the temperature (to below the final melting point), it m.ay take up to 
a half-hour before the decrease in amount of solid fat is finished 

The most important consequences of compound crystallization are the 
extensive slow changes it may evoke Segregation of compound crystals 
mostly goes along with transition to a stabler polymorph Moreover, large 
crystals tend to grow at the expense of smaller ones (This is Ostwald rip 
ening, see Section 12 I 3 ) All of these changes are enhanced by temperature 
fluctuation They cause change in size (usually an increase) and in arrange- 



% per K 
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Walstra Thr Milk I ot Clohuh (W(.Fcnlnj.cn Podoc, 1974) 


96 


Uplds 


ment of the crystals. This, in turn, strongly affects rheological properties, 
as will be discussed in Section 16.4. 


Suggested UterMure 

Most textbooks in biochemistry and in food chemistry’ give useful details 
about lipids. A short but good ovemew of chemistry and physics of lipids 
IS given by 

D. Chapman. Introduction to Upids (London; McCraw-HiH. 1969 ,, 

Biochemical aspects are in 

'and 1 m ■<’- l«roduaio,. 5,d ed. (Undon; Chnpmn 

Analytical methods are in 

'■ 0.1 , London: 

wSli^tionVaret'rLfed'in'io^^^^^^ 

and ComparchU MmlJ 

(London: Logos, 1970). pp. JUIW * ®"** ” • "> Upid Chrmniry. Vol. 1 

■ Kurtz •*Th.*T 


lumoon: Logos. 1970). pp. 5i.,06 ‘ "* Chemistiy. vol, i 

H Webb. A H Johnson. 

pp. 125-219. ““ “'"'‘"y Chtmury . 2nd nd IWe.lpon AVI. 19241. 

'alstraandT. J. Ceuris. -Milk F;,. » 

nnd V.U.ZPtwn. Vol, 1 ,0..^ Raton Sc ft ■ 'Wbont 

s. Patton and T. W Keenan B i. 42(1975) 459-83 

Many aspects of, ^3-3<« 

w.K.DowncyandJ M Cozan ed ••o, 

1. h'Tw?".?"™' « '"’J’T'"'”'’”™' 

A relT? -o Upol,.,,.- tntpr. 

H.C^..h»drrftCj:S;rr“;-'^ processing, on lipot,,,, ,, 

-“'»>ed rerew^nh/T^’' 

R.T.H 01 L -a chemistry of lipid autox- 
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A shorter discussion is found in several textbooks on food chemistry, such 
as 

L Dugan, “Lipids," in O Fennema, cd , Foorf (New York Marcel Dekker, 1976) 

pp 139-204 

Newer views on initiation of autoxidation are reviewed by 
M Korycka Dahl and T Richardson, J Dairy Sa 63(1980) 1181-98 
Autoxidation of milk lipids is reviewed by 

0 W Parks, ‘ The Lipids of Milk Detenoralion, Part II Autoxidation," m B H Webb, A 
H Johnson, and J A A\ford,td& ,Fimdamenials of Dairy Chemistry, 2n6ed (Westport 
AVI. 1974), pp 240-72 

The chemical pathways of lipid breakdown during autoxidation, especially 
of milk fat, are treated by 
H T Badmgs, Neth Milk Dair\ J 24 (1970) 147-256 

General aspects of fat crystallization are in an extensive, though somewhat 
outdated discussion by 

A E Bailey, Melting and Solidification of Fats (New York Interscience, 1950) 

A more up-to-date but much more restricted review is by 
J Hannewyk,A J Haighton, and P W Hcndnksc, mH A Boekwoogen,cd .Analysis and 
Characterization of Oils Fats and Fat Products Vol I (London Interscience, 1964), pp 
1 19-30 

Polymorphism of fat crystallization is reviewed by 

D Chapman, C/i^/N Re\ 62(1962) 433 Phase diagrams of triglyceride mixtures are given by 
J B Rossel, Arfi Lipid Res 5(1967) 353 

Some fundamental aspects of nucleation and growth of fat crystals are dis- 
cussed by 

M van den Tempel, SCI Monagr 32 (1968) 22 

Crystallization of milk fat in the emulsified state is treated by 

P WalstraandE C H van Beresteyn Nelh Milk Dairy J 29(1973) 35-65 
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amino group of the next. The term amino acid residue refers to the following 
structure: 


H H O 

I I II 

— N— C— C- 

I 

R 


The structure and dimensions of the peptide linkage are depicted in Figure 
6.2. The electron distribution over the O, C, and N of the linkage is inter- 
mediate between that of two structures: 


H 



Actually, some electrons are delocalized and occupy a 7r-like molecular 
orbital extending over all three atoms. Thus, the C— 0 bond is less than 
double, and the C-N bond has partial double-bond character. Stabilized in 
this way. the amide link is planar; rotation about the C-N axis would require 
considerable expenditure of energy. As drawn in Figure 6.2, the a carbons 
(i.e., the carbons bearing the side chains) are at diapnally opposite comers 
of the amide plane in the trans configuration. This is the predominant form 
occurring in proteins. The opposite configuration, the cis form, is less ster- 
ically favorable in polypeptides and occurs only rarely. 

Proteins differ from each other in length of polypeptide chains and in the 
proportions and sequence of residues in them. Generally, the term protein 
is applied to natural polypeptides containing 50 or more^ residues (insulin 
contains 51 residues). The sequence of residues in proteins is determined 
genetically. Sequence differences in a given protein among biological species 
and within species result from mutations in the DNA codons that have 


occurred in the course of evolution. 

Proteins of various species are said to be homologous if they are consid- 
ered to have originated from a common ancestor. The most definitive cn- 
terion of homology is congruence of amino acid sequence. Homologous 
proteins usually, but not always, exhibit a common biological fu^tion, but 
coincidence of function also can arise by convergence from different an- 
cestral lines. Closely related homologous proteins have common antigenic 
determinants and thus exhibit immunological cross-reaction (A reacts with 
anti-B), but lack of cross-reactivity does not necessan ly imply nonhomology. 
Even within a species small variations in the amino ac.d sequence o^ 
can occur md these arc called genetic polymorphs. (See also Section 2.3.-.) 
Homoiogs’ and'e^ret^p^ of- electrophoretic 





Tryptophan 
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6 ; H R ! A 6 ; H R 


Figure 6.1. Stniclure ofpcpiide chain. 

differences, but, of course, polymorphs can arise by substitutions that do 
not alter net charge. 

The three-dimensional structure of proteins is designated conformation. 
Present evidence indicates that conformation of a given protein is specified 
uniquely by the ammo acid sequence. The newly synthesized polypeptide 
vhonmrn^n which •!''™«<iynamically stable foMhe en- 
partiallv fixed hv the f " * 1*^^ cases, that conformation is 

S?the amhhecmre^^^^^^^ convenient to clas- 

already described is mpr/>i levels. Primary structure, 

joined by peptide linkages and ° '[.'’'^’'^0 chain of amino acid residues 

the covalen^src ure bridges, if any; it is 

of residues close to each othtrln^'th'rUnM relationships 
these steric relationships are regular 00^0. P®'^'™'nrly where 

pleated sheet are examples of this evd o'? , ^ 

coiling gives rise to steric relationstosaiioL '™-!”'^®' 

sequence. These are called lem"™ tor^m® 

viding line between secondary anT 160!^™ 7 ^“'°'’'^“'?’’ structure. The di- 
are designated globular if thev are f'ructure is arbitrary. Proteins 

or less spherical or ellipsoidal units and £!’ f^b’cd into more 

of intermolecularly linked polypemidf^’ch"^ °f 'ong stretches 
"“Rn*- Mnny proteins fold into a 
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number of compnct globular units connected by relatively flexible regions 
of polypeptide chain; such globular units arc called domains. Some proteins 
contain two or more polypeptide chain subunits; the manner in which they 
are associated is referred to as quaternary structure. 

The peptide bond is planar; therefore, the polypeptide chain has only two 
degrees of freedom per residue — rotation around the Ca-N bond axis, tff, 
and that about the Ca-C axis, ip, as shown in Figure 6.2. The arrangement 
of the polypeptide in space is defined completely by the succession of 4>, 4' 
angles. Many angle combinations are not sterically possible; they bring 
the side chain groups too close together. The region from d- = 20°-140° is 
particularly favorable sterically. If the twists at every a carbon are the same, 
the chain becomes arranged into a helix. Such a helix of repeating subunits 
can be described by the number of units per turn. n. and the distance parallel 
to the axis traversed per turn, d. The product, nd. is the pitch, p. Both n 
and d are determined once and ^are specified. Two important stinctures 
in proteins are the right-handed «-helix and the antiparallel /3-pIeated sheet. 
Both are regular arrangements stabilized by H-bonds. 

The right-handed a-helix has = '32“, -P = 23°. n = 3.61 residues per 
turn, d =1.30 A, and radius = 2.3 A. It is stabilized by H-bonding between 
the -C=0 of residue i and the -NH of residue i + 4. This is a particularly 
stable rodlike structure. Many proteins have extensive helical domains. For 
example, myoglobin is a protein of 153 residues of which U1 are loca ed m 
eight a-helices ranging in length from 7 to 26 residues. The propensity for 
forming a-helices is influenced somewhat by the side chain groups of the 
residues, and many attempts have been made to derive general rules relating 
helix formation to the sequence of residues. These rules are based either on 
statistical data on the frequency of residues m helical sequences or on their 
physicochemical properties. Agreement on the Propen^ty for a-helix for- 
mation of various residues is not complete, bu certainly the proline residue, 
havina a cvclic structure and no H to donate to an H-bond, is a helix 
breakir ” Glvcine is rather indifferent, and such residues as Ala. Glu, Phe, 
His He' Leu Met Gin, Val, and Tip have strong tendency to form helices. 
Hel’icitv’ is measured experimentally by eircular dichroism (the difference in 
S actWity of the compound to light circularly polarized in opposite 
dirpriionsl and bv optical rotatory dispersion (the dependence of the optical 
rotation of the compound measured with plane-polarized light on wave- 
lenathl The most definitive, though very expensive, method to establish 
helicitv is bv X-ray diffraction of protein erystals. 

The'^antiparallel j3-pleated sheet has >p = 40”, ip = 315°, n = 2.00 residues 
g * 3 50 A and radius = 1.0 A. It consists of polypeptide chains 

per um, other with alternate chains having opposite oricn- 

tai?”^ (U N C vs. C-^ N). The chains are hydrogen bonded to each 
til th ouch -NH'*’0 = C- bonds. The need to make good hydrogen bonds 
? thf* chains from being fully extended, and thus the structure falls at 
t/f = 315“* instead of at 0% 0®. This produces a pleated effect and 
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pushes the successive side chains out from the sheet on opposite sides. The 
classic example of a protein having this structure is silk. In this protein long 
stretches of the chain have the six-residue unit Gly-Ser-Gly-Ala-Gly-Ala 
repeated many times. Thus, all of the Gly residues will be on one side of 
the sheet, and all of the Ala and Ser on the other, and the sheets can pack 
closely together. 

A third structure found in proteins is a reverse turn in which the chain 
bends back upon itself and a hydrogen bond is formed between the -0=0 
of a particular residue i and the -NH of .' + 3. They are located mostly at 
the surface of proteins and pnmarily involve hydrophilic residues. They are 
of several different stereoconfigurations having different values of <t> and ij-. 

‘Th 7'" /. - + 1 . / + 2. and / + 3, rather 

Other d and repeated H-bonded structure as in an a-helix. 
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of the surface area that is exposed in the unfolded protein is buried when it 
is folded. 

It is generally felt that in aqueous solvents H-bonds contribute little to 
the stability of the three-dimensional structure of proteins unless they are 
inside a tightly folded (i.e., hydrophobic) region. If the protein groups that 
could make such bonds are in an aqueous environment, they bond with the 
dipolar water molecules. A similar reasoning holds for salt bridges if the 
ionic strength of the solvent is low. This further emphasizes the primary 
importance of hydrophobic interactions in protein structure; the confor- 
mation that they establish favors electrostatic and hydrogen bonding. 

An important property of a protein is the pH at which the net charge is 
zero. This point, called isoelectric point or isoelectric pH and symbolized 
pi, may be determined by interpolation of plots of electrophoretic mobility 
versus pH or by isoelectric "focusing” in a pH gradient. Such pi values 
depend on the ionic strength; the latter must be specified or the pi at zero 
ionic strength obtained by extrapolation to compare proteins meaningfully. 
The isoionic point is defined as the pH of no charge in the absence of any 
ions except H* and OH". It may be obtained experimentally by taking the 
pH of a protein solution deionized by passage through a monobed resin 
column (a mixture of R'^OH" and H*R" resins). Isoionic point may be 
calculated from the p/fs of ionizable groups in the protein (extrapolated to 
zero ionic strength). Calculated isoionic points are subjected to some error 
because of uncertainty regarding effects of neighboring groups on the p^Ts. 

Denaturation of proteins denotes unfolding and uncoiling of the tertiary 
and secondary structure without rupture of the covalent peptide bonds of 
the primary structure. Denaturation results from various physical and chem- 
ical treatments that disrupt the noncovalent bonds that maintain the sec- 
ondary and tertiary structure. Among such treatments are heat treatment, 
high and low pH, organic solvents such as ethanol, and high concentrations 
of such solutes as urea or guanidine. (See also Table 6.2.) Obviously, heat 
is the major denaturing agent of milk proteins in milk processing. Denatur- 
ation exposes side chain groups that were buried in the native structure, and 
the process thus causes an increased reactivity of such groups. Increased 
reactivity of thiol groups of Cys residues is especially important because 
they can undergo oxidation to disulfide (-S-S-) or sometimes cysteic acid 
(-‘SO3H) groups. Furthermore, disulfide interchange can occur in which RSH 
+ R'S - SR" — » RS-SR' + R"SH thus shifting the position of the -S-S- 
linkages and in some cases forming intermolecular bonds. Denaturation is 
essentially a reversible process unless oxidation of thiols and disulfide in- 
terchange occur. It has also been assumed that partial irons —> cis isomer- 
ization of peptide bonds involving the N-terminal side of proline residues 
may hinder return to the native conformation. In order completely to unfold 
and uncoil the polypeptide chains of Cys-containing proteins, the disulfides 
must be split during the denaturation process. A common way of preparing 
nn unfolded protein for investigative purposes is to reduce disulfides and 
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Table 6.Z. Denaturation of Globular Proteins 


Agent 


Particulars Probable Cause 


1. Urea; 
guanidinium 
chloride 

2. Sodium 
dodecyi 
sulfate 

3. Mercaptoethanol 

4. Ethanol 


5. Some salts 

(e.g., LiBr, CaCl:) 

6. High pH 

7. High temperature 


At high concentration 
At low concentration 

pH >8 

At high concentration 
At high concentration 


Breaks H-bonds, weakens 
hydrophobic interactions. 

Hydrophobic binding to the 
protein. 

Reduces -S-S- bridges. 
Dehydrates; weakens 
hydrophobic interactions; 
enhances salt bridges. 
Roughly same as 4 above; 
specific interactions. 
Electrostatic repulsion; 
activation of thiol groups. 
Increased cfTect of 
conformational entropy; 
weakens hydrophobic 
interactions; secondary 
reactions. 
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Imkages. "■= formation of imermolecular disulfide 


protein composition of milk 

Bovine milk contains ahnnr s i 
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addition, milk serum contains a number of so-called minor proteins and a 
number of enzymes. Other proteins and enzymes are located in the mem- 
brane of the fat globules; they amount to about 0.35 g per kilogram of milk. 

The principal milk proteins all exhibit genetic polymorphism. All of the 
variants known at present differ in ionizable residues and were originally 
detected by electrophoresis of milk proteins from individual cows. In most 
cases the positions of the substitutions have been revealed by sequencing 
techniques. Conceivably, other variants not differing in charge remain un- 
detected. Amino acid sequences of the most common genetic variant of each 
of the six principal milk proteins are presented in the appendix; Table A.7, 
amino acid substitutions in the other variants are given in Table A.8. Non- 
genetic variants also occur in some of the milk proteins because of differences 
in number and location of phosphate and glycosyl groups attached to the 
polypeptide chains after translation. 

Many data are available on variability of total protein content and the 
relative proportions of casein and whey protein. This variability is discussed 
in Chapter 9. On the other hand, quantitative data on the concentrations of 
the individual proteins are scarce. Table 6.3 presents a general view of 
concentrations, and Table 6.4 lists some properties of the principal proteins. 


Table 6.3. 

Concentration of Proteins In Milk 



Concentration in Milk 

Percentage 
of Total 
Protein 
(w/w) 


fikg-' 


Total Protein 

33.0 

-1490 

100.0 

Total Casein 

26.0 

1170 

79.5 

Whey Proteins 

6.3 

'-320 

19.3 

Fat Globule Membrane 
Proteins 

0.4 


1.2 

ttsi-casein 

!0,0 

440 

30.6 

«, 2 *casein 

2.6 

110 

8.0 

/3-casein 

9.3 

400 

28.4 

y-casein 

0.8 

40 

2.4 

K-casein 

3.3 

ISO 

10. 1 

Q-lactalbumin 

1.2 

90 

3.7 

^lactoglobulin 

3.2 

180 

9.8 

Blood Serum Albumin 

0.4 

6 

1.2 

Immunoglobulins 

0.7 

~4 

2.1 

Miscellaneous 

0.8 

-40 

2.4 


(including 

Protcosc-Pcptonc) 


Nate: App(Xi^im.ilc nvcrapcs from various sources. 




Table 6.4. Properties of Some Milk Proteins 
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•Exclusive of carbohjdrate rcsiJucs. 
*A small fraction of the molecules. 
‘O. except for n rare variant (Dr). 
‘'Asemge. 
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' 6.3. CASEINS 

It is difficult to define caseins in a way that includes all proteins belonging 
to the class and excludes all others. Their common property of low solubility 
at pH 4.6 serves (at least for bovine milk) as the basis for a rather convenient 
operational definition. At this pH all of th e caseins except some of 
proteolytic de riyatiii es prec i pitate. The ir solubility is sqjnuch Jess than that 
of an y ofthe whey proteins at thes e conditions that a clearcut separation is 
possible . 

R esolution of the mixture of caseins into individual molecular components 
for either analytical or, preparative purposes is a difficult. task, _best_accom- 
p lished by ion exchange chromatography on .DEAE-cellulQSg or hydroxy- 
apatite columns. In such chrpmatpgraphic_separationsJnteractions among 
casein molec ules must be^sup pressed. This is accomplished.by. making^lie 
medium 6 M mjiirea and either inclining an agent like dithiothreitol tc^reduce 
disujfide bonds or reducing and idkylating the disulfides before chromatograp|iy, 

Compositionally, the hallmark of the caseins is ester-bound phosphate. 
All of the casein polypeptide chains have at least one such group per mol- 
ecule; none of the whey proteins has any. The g,i- and j3-caseins contai n 
n o cysteine residu e s; a.y and K-ca se[ns.each have tvvQ,_Eroline_contentTof 
c aseins _are ra ther high (17. 5. 17, and 12 mol % in a,,-, “s 2 -. P-, and^K-, 
res pectively) . The .distribution of charged groups and proline and cysteine 
residues is given in Figure 6.3. 
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None of the four kinds of casein has a highly organized secondary' struc- 
ture. None of the various methods of analysis suggests anything more than 
short lengths of a-helix or ^shcct structure in them. Their lonizablc groups 
are accessible to titration and other side chains to reaction, and neither the 
reactivity of such groups nor the optical rotation is materially increased in 
the presence of denaturing agents or by heating. Thus, their conformation 
appears to be much like that of denatured globular proteins. Tlic large number 
and rather uniform distribution of Pro residues may help to prevent a close- 
packed orderly secondary conformation. 


A small part of the a.rcascin is in the form of a disulfidc-lInkcd dimer, 
and K-cascin occurs naturally as a mixture of disulfide-linked oligomers. The 
four caseins differ greatly from each other in charge distribution and in 
tendency to aggregate in the absence and presence ofCa^* ions. 
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apparent molecular weight xlO* 



Figure 6A. Association of e,i* and /J-casein as a function of concentration. pH 6.6 in a.r, 7.0 
in /3-casein. Temperature 2rC, for broken line 24®C. Ionic strength (mAf) designated on curves. 
After D. G. Schmidt and T. A. J. Payens, Surface and Colloid Science 9 (1976);165. 


association, like that of o„-casein, is in rapid equilibrium and leads to poly- 
mers of steadily increasing size as the eoncentration is increased, 

6.3.3. /I'Caseins 

(fi-casein has a strongly negatively charged N-terminal portion. (See Figure 

6.3.) The net charge of the 21-residue N-terminal sequence is 12 at pH 

6.6, and the rest of the chain has virtually no net charge. The large number 
of Pro residues effectively precludes extended helix formation. Thus, the /3- 
casein molecule is somewhat like that of an anionic detergent with a nega- 
tively charged head and an uncharged essentially hydrophobic tail. The 
outstanding characteristics of the association of ^-casein in both the absence 
and the presence of Ca^+ is its strong dependence on temperature. In the 
absence of Ca’* , only monomer is present at 4°C, but large polymers (20-24 
monomers) are formed at room temperature. The association is like that of 
detergent micelles in that intermediate polymers are not present and in the 
oceurrence of a "critical micelle concentration.” (See Figure 6.4.) Removal 
of the 20-residue C-terminal sequcnee destroys the ability of /3-casein to 
assoeiate, suggesting that specific hydrophobic interactions may be involved. 
P-casein tightly binds about 5 Ca’* per mole, consistent with its ester phos- 
phate content. 


6.3.4. y-Caselns 

■JC group of caseins designated as -y-cascins has been known for some time 
to correspond to C-tcrminal portions of the /3-cascin sequence. These arc 
formed by cleavage of ^-casein at positions 28/29, I05/I06. and 107/108 by 
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the enzyme plasmin. The fragments 29-209, 106-209, and 108-209 constitute 
the y-caseins. The smaller fragments resulting from the cleavage appear in 
the whey when casein is precipitated by acid and constitute part of what 
has long been designated the proteose-peptone fraction of the whey. Thus, 
fragments 1-105 and 1-107 were called whey component 5, fragment 1-28 
was whey component 8-fast, and fragments 29-105 and 29-107 were whey 
component 8-slow, Recommended nomenclature for the fragments of p- 
caseins occurring in milk is given in Table 6.5. 


6.3.5. iC'Caseins 

About one-third of the K-casein molecules arc carbohydrate-free and contain 
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Figure 6.5.* Tetrasaccharide residue of K-casein. 


a C-terminal fragment of 64 residues called the macropeptide, containing all 
of the carbohydrate and phosphate groups as well as the genetic substitu- 
tions. This reaction, which is the basis of the curdling of milk by rennet and 
thus of cheese making, is further discussed in Section 13.3. 

K-casein binds about 2 moles Ca^’' per mole of protein at neutral pH but 
differs markedly from the other caseins in its solubility over a wide range 
of Ca^+ concentration. In the absence of Ca and the presence of dithiothreitol 
(to prevent the formation of disulfide bonds) carbohydrate-free K-casein po- 
lymerizes at pH 7.0 to a spherical particle of 23 nm diameter and MW = 
570,000 (30 monomers). These parameters are not influenced greatly by 
variations in ionic strength above 0.1, but the critical micelle concentration 
decreases as the ionic strength is raised. The free energy of association per 
mole monomer is about —36 kJ mol '. 

The naturally occurring mixture of bovine K-casein variants polymerizes, 
as previously mentioned, through -S-S- linkages to subunits containing 
three to eight monomers. These further polymerize by noncovalent asso- 
ciation to particles of about 650,000 daltons. This polymerization is insen- 
sitive to concentration of Ca^"^ and to temperature. 

6.3.6. Interactions of Caseins 

As previously mentioned, all of the caseins tend to self-associate in solution. 
Many studies have also revealed coassociation of tr.i-, /3-, and K-caseins in 
various binary and ternary mixtures. Little such work has included a, 2 - 
' casein. At neutral pH, 37°C, and the absence of Ca-*, a,i-^casein copol- 
ymers are more stable than polymers of either alone, and a,i-K-casein com- 
plexes are more stable than ;8-K-casein complexes or K-casein polymers. The 
complexes formed are evidently in equilibrium with the monomers. Such 
complexes, with mean sedimentation constants of about 7.5 Svedberg units 
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and a considerable range of sizes, arc formed in solutions of whole casein 
and in ternary mixtures of fi-, and K-caseins in the absence of Ca**. 

Association of caseins in the presence of Ca-* is considerably more in- 
teresting because of its application to the milk system than is association in 
systems devoid of Ca^* . Din’erenccs in Ca binding capacities of the caseins 
have been pointed out previously. Figure 6.6 compares the Ca-binding of 
P '1 and K-caseins. K-casein has a remarkable ability to stabilize a,i- and 
^caseins against precipitation by Ca^*. Typical results arc shown in Figure 
6.7, K-casein can stabilize about 10 times its own weight of a,j- or /J-cascin 
apinst precipitation by Ca. It loses this stabilizing power when cleaved by 
chyraosm Native /3-casein docs not prolecl a„-cascin against Ca prccipi- 
filnl!;, ' dcphosphorylatcd ^casein docs so. al- 

If'' ofdcphosphor- 

ylated (J-casem IS further eahanced by glycosylating it 
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percent soluble 



FIsure 6.7. Effect of K-casein on solubility (%) of 0 * 1 - 
casein (broken line, pH 7.1, 20 mA/ CaCU, 37°C) and 
^•casein (pH 7.0, 100 mA/ CaCU, 30®C). The concen- 
trations of and ^casein (mg • ml"') are designated 
on the curves. After various sources. 


both analytical and preparative purposes make use of gel filtration (which 
fractionates on the basis of size) and ion exchange (which separates on the 
basis of charge). Gel filtration is particularly useful for the fractionation of 
the proteins of bovine whey because they vary so greatly in molecular size. 
The fact that j3-lactoglobulin (MW = 18,300) forms a noncovalent dimer 
makes it readily separable from a-lactalbumin (MW = 14,200), which does 
not polymerize. 


6.4. 1 . a-Lactalbumin 

Two geneti c variants. A and B, of this protein exist . They differ by a single 
substitution, A having Gin and B having Arg at position 10. The B variant 
is the only one in the milk of European breeds and yaks; both A and B occur 
in Indian cattle. Some minor forms of bovine ct-lactalbumin are revealed by 
electrophoresis. Some of these contain covalently bound COTbohydrate groups; 
the major components of bovine a-lactalbumin are devoid of carbohydrate. 
Others of the minor components seem to have fewer amide groups than the 
major ones, and one minor a-lactalbumin containing three instead of four 
disulfides has been reported. In total, the minor components do not account 
for more than 10% of the a-lactalbumin. 

The amino acid sequence of a-Iactalbumin is similar to that of lysozymes. 
Indeed, bovine a-lactalbumin B and chicken eggwhite lysozyme have iden- 
tical amino acid residues at 49 positions, and the four disulfide groups are 
located identically; they are at 6-120, 28—111, 61—77, and 73—91 in a-lac- 
talbumin. Distribution of charges. Pro and Cys residues, are shown in Figure 
6.8. It is considered that a-lactalbumin arose in evolution by gene duplication 
of an ancestral gene coding for lysozyme. Although the conformation of a- 
lactalbumin has not been defined completely by X-ray crystallography, pre- 
liminary indications are that its structure is similar to that of the well-defined 
lysozyme. The two proteins must have very different active centers, how- 
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It is likely that considerable portions of the sequence of /3-lactoglobulin 
exist in the a-helix and )3-sheet structures. Regions that are most likely helical 
are residues 21-37, 51-63, 127-143, and 154-159. ;8-sheet structures are 
likely in 2-19, 39-43, 76-88, 91-99, and 101-107. Different methods give 
ambiguous predictions for the sequence 1 14—125. 

^-lactoglobulin exists naturally as a dimer of two monomeric subunits 
noncovalently linked. When more than one genetic variant is present, hybrid 
dimers are formed. Dissociation to the monomer occurs below pH 3.4. p- 
lactoglobulin A associates to form an octamer at pH 4.5 and low temperature.' 
The B variant (which is the predominant one in Western cattle) octamerizes 
to a much smaller extent. 

;3-lactoglobulin undergoes a very interesting conformational change as the 
pH is raised above 6.0. The protein at pH 6.0 is said to be in the N state. 
Raising the pH causes a transition to another state, designated R, with a 
molar increase in optical rotation of about 10. This change is associated with 
release of one proton per subunit from a buried carboxyl and also with 
changes in the environment of a Tyr and the free Cys group. X-ray analyses 
of crystals of / 3 -lactoglobulin in the N and R states should define the structural 
differences between them. To date such analyses have been made only at 6 
A resolution. They show certain features suggestive of a-helices and p- 
sheets, but the resolution needs to be improved to delineate the entire course 
of the polypeptide chain and the specific differences between the states. 

6.4.3. Bovine Serum Albumin 

This protein, a major component of blood serum, is synthesized in the liver 
and gains entrance to milk through the secretory cells, but it comprises only 
about 1.2% of the total milk protein. Milks of all mammalian species that 
have been examined (about 200) have a protein component that is electro- 
phoretically indistinguishable from the blood scrum albumin of the species. 
The protein as isolated from bovine milk could not be differentiated from 
that isolated from bovine blood by methods available in 1950. Since that 
time little work has been done on the scrum albumin isolated from milk; it 
has been assumed to be idcntic.al to that in blood. The protein isolated from 
blood consists of a single polypeptide chain of 582 amino acid residues. Its 
tertiary structure reveals three about equal-sized globular domains. It has 
one free thiol (Cys 34) and 17 disulfide linkages, which neatly hold the protein 
in a multiloop structure. Several of the bridges arc of the double Cys variety 
in which two Cys residues adjacent in the sequence form disulfide bndges 
with two other groups. Adjacent Cys residues cannot link to each other by 
disulfide bonds because of the Irons structure of the peptide bond. For 
example, one double Cys bridge involves disulfides between Cys residues 
123 and 167 and between 166 and 175. Such double bridges have the effect 
of pulling three segments of the polypeptide chain close to one another. 
(There is considerable homology among various segments of the chain in 
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this protein, and it has been suggested that it arose by repeated duplication 
of an ancestral gene in the same lineage from which globins were derived.) 
Serum albumin appears to function as a carrier of small molecules (e.g., 
fatty acids) that bind to it. Any specific role it may play in the function of 
the mammary gland is unknown. Furthermore, little is known of its behavior 
in milk and milk products and its possible influence on their properties. 


6.4.4. Immunoglobulins 

Immunoglobulins are antibodies synthesized in response to stimulation by 
macromolecular antigens foreign to the animal. They arc polymers of two 
kinds of polypeptide chains, light (L) of MW 22.400. and heavy (H). The 
Lna" 52.000). o (MW 52.000-56.000). 
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6A. Whey Proteins 


119 


consisting of a single polypeptide chain with a number of internal disulfides. 
It has a relatively high content (10-15%) of bound carbohydrate consisting 
of N-acetylglucosamine, N-acetylgalactosamine, D-galactose, D-mannose, 
L-fucose, and N-acetylneuraminic acid. In addition to the amount that is 
bound in SIgA, it occurs in the free state (FSC) in milk in concentrations 
of 50-100 mg-liter" ' . (See Table 6.6.) Long before it was recognized as being 
a secretory component, the FSC had been isolated, partially characterized, 
and designated glycoprotein-a. 

IgM consists of a pentamer of the basic four-chain units joined by the J- 
component. It has 11-12% bound carbohydrate and MW of 900,000; its 
diameter is about 30 nm. In all cases the sites that bind antibodies consist 
of the variable portion of an H and an L chain in juxtaposition to each other. 
IgG has two such sites, SIgA has four, and IgM has ten. The immunoglobulins 
of an animal thus consist of numerous different proteins; each antigen en- 
countered has caused the synthesis of Ig with a different variable portion. 

In bovine milk and colostrum the principal immunoglobulins are IgG I and 
IgA, the former usually present in larger concentration. Calves are bom 
without circulating antibodies, and the chief way in which they acquire them 
is by ingestion of colostrum. Typical concentrations of the several immu- 
noglobulins in blood serum, colostrum, and milk are given in Table 6.6. The 
concentrations are highly variable, even in mature milk, and usually decrease 
with advancing lactation. Preparations of the immunoglobulin fraction of 
milk also include a very high molecular weight lipoprotein. 

The immunoglobulins in milk can exert an antimicrobial action, particu- 
larly IgM, which acts as agglutinin, for instance, against some streptococci. 
(See Section 1 1.6.) Moreover, cow’s milk (but not that of buffalo, goal, or 
sheep) contains a cryoglobulin (mainly consisting of IgM) that is involved 
in the cold agglutination of milk fat globules (Section 14.3) and in the at- 
tachment of bacteria to fat globules. The immunoglobulins are among the 
most heat-sensitive of the whey proteins. 


Table 6.6. ConcentraHons of Immunoglobulins In Bovine Blood 
Serum, Colostrum, and Milk 
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6.4.5. /Jz'MIcroglobuDn 

This protein consists of a single polypeptide chain of about 100 amino acid 
residues and MW of 1 1 ,800. It is present in several body fluids and in mem- 
branes of various types of celts. Its amino acid sequence indicates homology 
with the constant regions of immunoglobulin light and heavy chains. 

A protein that had long previously been crystallized from bovine milk and 
designated lactollin was shown in 1977 to be bovine /J;-microglobulin. It is 
a polypeptide of 98 residues, two of which arc Cys. 

Direct analyses for microglobulin concentration have not been made in 
bovine milk; the amounts of lactollin that have been isolated from colostrum 
and milk are about 6 and 2 mg'litcr”* respectively. 


6.4.6. Uctoferrin and Transferrin 
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6.5. Fat Globule Membrane Proteins 

6.4.7. Proteose-Peptone Fraction 

A fraction of the whey proteins amounting to about I g per kilogram of milk 
is not rendered acid-insoluble by previously heating the milk. It has long 
been called proteose-peptone. Four principal groups of components of the 
proteose-peptones are distinguishable electrophoretically. They are com- 
ponent 3, which is probably derived from a fat globule membrane constituent, 
and components 5, 8-fast, and 8-slow, which are derived by proteolysis of 
;8-casein. (See Table 6.5.) Undoubtedly, there are a number of other con- 
stituents in the proteose— peptone in addition to those named. 

6.4.8. Other Whey Proteins 

A group of acid glycoproteins is retained on DEAE cellulose when blood 
serum or whey is passed through it at pH 4.5. Fractional elution separates 
a number of components. The total amounts that can be obtained from bovine 
blood serum, colostrum, and milk are, respectively, about 2.0, I.O, and 0.3 
g-liter-'. One protein of this group is a, -acid glycoprotein, formerly called 
orosomucoid It has been isolated from human serum, colostrum, and milk, 
and from bovine serum and colostrum, but it has not been detected in bovine 
milk. It consists of a polypeptide chain of 181 residues to which five het- 
eropolysaccharide groups are linked to asparaginyl residues. The carbohy- 
drate constitutes about 45% of the total molecule. The function of this protein 
is not known. In any event, o.-acW glycoprotein comprises only a small 
portion of the acid glycoproteins obtainable from fractionation of colostrum 
or milk on DEAE cellulose. Five other fractions have been obtained in 
varying states of homogeneity. All contain carbohydrate and phosphate and 
promote the growth of Bifidobacterium bifidiim var. pennsylvanicus (for- 
merly Lactobacillus bifidus). The possibility that some of these glycoproteins 
represent partial degradation products of caseins or membrane matenals has 

not been elucidated. . . ■ , . j r 

A specific protein that binds folate (FBP) has been isolated from milk. 
Affinity chromatography on Sepharosc to which folate has been attached is 
especially effective in isolating this protein. Its concentration in normal milk 
is about 8 mg-kg"'. 


6.5. FAT GLOBULE MEMBRANE PROTEINS 

The fat globule membrane contains approximately 50% protein and accounts 
for about 1% of the total protein of the milk. Some of the protein constituents 
of the membrane arc enzymes (Section 7.2), but it is not possible at present 
to estimate the ratio of enzymatic and nonenzymatic components. The fat 
globule membrane proteins .arc difficult to resolve analytically and lo separate 
preparatively because they interact strongly with one another and with lipids, 
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and most of them arc insoluble. Part is released from the globules by cooling 
the milk. Some success has been achieved in solubilizing the membrane 
proteins with detergents such as sodium dodccyl sulfate coupled with re- 
duction of disulfides. 'Preparations solubilized In this way exhibit a great 
number of electrophorclically distinguishable components (as many as 40), 
some of which are revealed by specific stains to contain carbohydrate. Many 
attempts at fractionating the mixture have been made, and many analytical 
data on composition of various kinds of mixtures have been reported. Some 
preparations alleged to be electrophorclically homogeneous or nearly so have 
been obtained by ion exchange chromatography and gel filtration. Three 
such preparations isolated by different workers all were heavily glycosylated; 
ey * composition. One membrane protein has 

related to protcosc-pcpionc component 

from heinp rp« I H globule membrane proteins is a long way 

trom being resolved on a molecular basis. 
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w- N, Eigel el at., •'Nomenebiure^f 

Sc/. 67 (1984); XX-XX. of Cows' Milk," F.ru, Re„„„„, J. Dairy 

An up-l04late monograph on milk proteins is 
• Pro.e,„s ,U„Uon: AM.eU Se/enee 

o>. III. chap. 5 (New York; Academe V. R. Sm.lh. eds.). 



7 

Enzymes 


Approximately 50 enzymatic activities have been detected in bovine milk. 
Milk chemists are interested in quantitation of these enzymes, m deleterious 
or beneficial reactions that they catalyze in milk and dairy products, and in 
their inactivation. This chapter presents (1) an outline of basic enzyme ki- 
netics as a basis for quantitation, (2) a summary of properties of some of 
the principal milk enzymes, and (3) a eomparison of their susceptibility to 
heat inactivation. 


7.1. KINETICS OF ENZYME-CATALYZED REACTIONS 

Some enzymes catalyze in one minute the conversion of up to 1,000,000 
molecules of reactant(s) to product(s) per molecule of enzyme; at the other 
extreme other enzymes catalyze only a few hundred molecules of reactant(s) 
to product(s) per minute. The rate of catalysis per molecule of enzyme is 
expressed as sometimes called the turnover number for the enzyme. 
The k is a function of the efficiency of the enzyme and the chemistry of 
the reaction. Frequently, neither Ac., nor enzyme concentration is known, 
but the product of A„, and enzyme concentration can be measured and is 
expressed as quantity (micromoles) of product formed per unit time in a unit 
volume of sample. This value of quantity formed, when measured under 
appropriately defined conditions, is known as the maximum activity, V„„, 
of the enzyme. It is apparent that enzyme concentration is related to enzyme 
activity, Vmax, through Ac»,. 

[E] = (7.1) 

It follows that activity can be used to compare the concentrations of two 
enzymes only when it is known that both are identical, that is, have the 
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same Moreover, some enzymes may bind to substances present (e.g., 
casein micelles), thus lowering their activity. 

Enzyme activity is frequently expressed in units. The Enzyme Commis- 
sion has defined a unit of enzyme as the quantity that will catalyze the 
transformation of one micromole of substrate to product(s) per minute under 
standard conditions. Sometimes the activity of an enzyme preparation will 
be reported as specific activity, which is given as units per milligram of 
protein used in the assay. The investigator must take care when reporting 
enzyme activity that the value obtained truly measures and that stan- 
dard conditions of temperature, pH, and ionic strength are defined. Precau- 
tons must be taken to avoid inactivating a portion of the enzyme or modifying 
Its activity so that is changed. 

Although a linear relationship is assumed between enzyme concentration 
and yelMily, deviations from linearity occur and must be taken into account. 
For instance, the velocity may diminish during the course of time required 
(serMowl reaction because of depletion of substrate 

DurDOMs^ndnuf products is an inhibitor. For comparative 

purposes and quantitation, initial velocities are preferred In order to employ 
the relation between reaction velociiv ..a orocrio employ 

titate the laitcr Ihr.. „ti, " enzyme concentration to quan- 

aturtlVpHllTtbrrtL^'-'^ 

velocity against substrate con«ntrato„TsTKc,- ' “ a 
bola. (See Ficure 7 1 A 1 q.i.k , ® section of a rectangular hyper- 
basis of the well-known MichaeliiMT„L“i,“^^^^ "" 


e. = V„ 


,IS]((K„ + isj) 


(7.2) 
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Figure 7 1. Effect of substrate concentrauon IS) on initial reaction rate i assuming enzyme 
concentration to be constant The units are arbitrary B gives a Lincweaver-Burk plot of A 


slope IS and the intercepts give:^ Figure 7 IB ) is 

V„ax 'max -^m 

a measure of the affinity of an enzyme for its substrate, the lower the 
the greater the apparent affinity For many enzymes lies in the range of 
10 Mo 10 ® M Figure 7 1 shows that the kinetics of the reaction change 
from first order to zero order with respect to substrate concentration as the 
latter is increased Obviously, quantitation of enzyme activity preferably is 
made under conditions of zero-order kinetics with substrate in excess 
Not all enzyme catalyzed reactions follow simple Michaelis-Menten ki- 
netics For instance, allosteric enzymes (i e , enzyme molecules consisting 
of some protein subunits) frequently bind substrates at more than one site 
on the enzyme, and substrate binding at one site affects the affinity of that 
for another site The presence of inhibitors may affect the enzyme pattern 
Enzymes catalyzing multisubstrate reactions follow more complicated ki- 
netic patterns, however, the same pnnciple of substrate binding to enzyme 
following a hyperbolic binding relationship usually is obeyed 

In general, enzymes are active only over a limited range of pH, and usually 
a distinct pH optimum is observed This may result from an effect of pH on 
the V on affinity of enzyme for substrate, or on the stability of the 
enzym"’e’'The activity of many enzymes depends on particular ionized groups 
in the active site Obviously, these will be influenced by even small variations 
in pH and ionic strength More extreme high or low pH may denature and 


hence inactivate the enzyme , , . 

The overall effect of temperature on enzyme catalyzed reactions is a 
resultant of the accelerating influence of temperature on the reaction itself 
and the thermal denaturation and inactivation of the enzyme Thus, the rate 
of the catalyzed reaction passes through a maximum as it is ex^ined at a 
senes of increasing temperatures The optima tempemture, therefore is 
generally higher when the time dunng which the reaction is measured is 
shorter The optimum differs greatly among individual enzymes because they 
differ in susceptibility to thermal denaturation (See Section 7 4 ) 
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It should be apparent from this brief introduction that measurement of 
enzyme activity must be performed under rigidly controlled conditions in 
which observed activity can be translated into activity with 100% of the 
enzyme in the ES form. Therefore, enzyme activity is a value equivalent to 
for the concentration of enzyme available, that is, lElA'ot- (The values 
given in Table 7.1 represent such values.) 


7.2. SOURCE AND SIGNIFICANCE OF ENZYMES IN MILK 

Enzymatic activities detected in bovine milk are listed in the appendix in 
Table A. 10. They are narned and classified according to the recommendations 
of the Enzyme Commission of the International Union of Biochemistry. All 
classes of enzymes except ligases have been delected in milk. 

Some of the milk enzymes (e.g., catalase) are constituents of leukocytes, 
and some (e.g., plasmin) may gain entrance to milk from blood. Most, how- 

7JLZ2TTTV: enter milk as 
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stifuent synthase) are con- 
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and ribonuclease are especially prominent in bovine milk; lysozyme pre- 
dominates quantitatively in human milk. 


7.3.1. Oxidases 

Xanthine oxidase (XO, EC 1. 2.3.2) is very prominent in bovine milk. Most 
o fjt is. associatcd with the fat globule membrane. Because of its relatively 
high XO content, milk is a source of choice for isolating this enzyme for 
investigation. Xanthine oxidase is much less prominent in milks of most 
other species; goat’s milk has only about one-tenth the activity of cow’s 
milk. The activity of XO in cow’s milk depends to some extent on the Mo 
content of the feed consumed. 

The^olecular weight of xanthine oxidase is about 283,000; iHs a dimer 
qf^o identical subunits, each carrying one flavin-aclenine dinuclcotidc, one 
Mo, four Fe, and four acid-labile S atoms. The specific activity of the pure 
enzyme is 5 ^mol min '-mg- It can oxidize 12 moles of xanthine per mole 
per second (assuming two active centers per dimer). Although hypoxanthine 
TcaiSv*'"' *“*’=‘’rates in the pathway of purine metabolism, 

uSer soL°co‘^?v " including various aldehydes, 

m S OH wTn " two^lectron reduction of Or to HrOri 
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4:£^S'^tt70T "bout fourfold by sto_ring.at 
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acceptor It is an aerobic oxidase, reducing the O 2 to H 2 O 2 rather than to 
H 2 O Thus 

2 RSH + 02^ RSSR + HjOj (7 4) 


(It IS completely different from thiol oxidase — EC 1 8 3 2 — not known to 
occur in milk, which forms H 2 O in the oxidation ) Sulfhydryl oxidase ca- 
talyzes oxidation of thiols in both small compounds alid proteins It is a 
large aggregate of subunits of MW 89,000 It contains about 11% carbohy- 
drate residues by weight and 0 5 atom Fe per subunit At optimal pH (7 0) 
and temperature (35°C) its for glutathione as substrate is 90 /xM Prep- 
arations with specific activities of more than 50 /xmol min“ ' mg~ ' have been 
obtained Milk may contain about 3 mg of this enzyme per liter Sulfhydryl 
oxidase is closely associated with y-glutamyl transferase (EC 2 3 2 2) m skim 
milk, and it has been suggested that the two activities reside m the same 
molecule Such suggestions have been proved wrong, however, because the 
two activities can be separated Sulfhydryl oxidase immobilized on glass 
beads has been used to oxidize thiols in UHT milk m an attempt to reduce 
cooked flavor 

Catalase (EC 11116) catalyzes the decomposition of H 2 O 2 to HjO and 
O 2 It IS found in many tissues and is particularly prominent m liver, eryth- 
rocytes, and kidneys of animals In milk its activity parallels leukocyte count 
and IS higher in mastitic milk and colostrum than in normal milk It increases 
with the multiplication of bacteria Cells associate with the fat globules 
therefore, catalase accumulates in the cream layer Crystalline catalases have 
been prepared from several sources, but because little is present m milk it 
has not been fully punfied therefrom Milk catalase has a molecular weight 
of about 210,000, its isoelectric pH “ 5 5, and it contains heme iron Catalase 
activities on the order of 300 fimol min-' liter ' have been reported for 


milk (See Table 7 I ) 

Lacloperoxidase (LP, EC 1 1 1 1 7) catalyzes oxidation by H-O, of a long 
list of electron-donor compounds, including aromatic amines, phenols, ar- 
omatic acids, leuko dyes, tryosine and tryptophan, ascorbate, iodide, nitrite, 
and thiocyanate LP may amount to as much as 1% of the total serum proteins 
of milk (1 e , 60 mg kg-') Its activity m milk increases with advancing 
lactation to a maximum about 40 days postpartum and thereafter declines 
somewhat It is a glycoprotein (MW = 77,500) cont.unmg 20-26 hexosamine 
residues (no sialic acid) and one heme per mole Whether it consists of one 
or two polypeptide chains has not been settled LP catalyzes oxidation of 
thiocyanate (SCN’) to a product (OSCN->) that inhibits certain bactena 
Thiocyanate is a natural constituent of milk (see appendix Table A 9) and 
H.O, is produced by some bacteria themselves Thus, m milk such bactena 
exhibit self inhibition (See Section II 6 ) , , , , _ 

SuperoxHic tUxmuTasc (SOD. EC I 15 I I) catalyzes the dismut.-ition of 
supcroxidc ion O." to H-O. and O- The enzyme consists of two identical 
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subunits of MW 16,000, each containing one Cu and one Zn per mole. The 
primary structure of SOD from bovine erythrocytes is known completely. 
It has one free thiol and one disulfide bond. It functions as a noncovaicntly 
linked dimer, and its specific activity is 3300 ;tmol'min"’*mg"'. Bovine milk 
serum contains a superoxide dismutasc that is similar if indeed not identical 
to that of the erythrocytes. Estimates of the content in milk range from 
0.15-2.4 mg'kg"'. It is a rather heat-stable enzyme; the activity is not de- 
creased by heating milk at 63®C for 30 min. It may well be an important 
antioxidant protecting milk constituents from oxidation by superoxide ion 
generated by oxidations catalyzed by xanthine oxidase and lactoperoxidase 
as well as by riboflavin-sensitized photorcactions. 


7.3,2. Transferases 

The only transferase discussed here is the galactosyl transferase component 
of lactose synthase (EC 2.4.1.22). In the absence of a-lactalbumin this en- 
zyme transfers a galactosyl residue from UDP-galaclosc to an N-acctyl- 
Of a protein-bound oligomer. In performing 
tosyl.SerlL%FrTi Slycoprotcin /J-D-galac- 

o-lLtaThnmin^ ®^a-r'^' C**' Previously (Section 6.4.1). 
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is bound largely to casein micelles. It does not attack.the glycerides of the 
fat globules unless thrmem'branes of Jthejatter .are.damaged (e.g., as_by 
K ^ogeruzati onTor if lipoproteins containing the apoprotein cofactor are 
adSedTTh^atter effect may arise from leakage of blood serum into milk' if 
the tight junctions between secretory cells are impaired. (See also Section 
5.5.) Thi^enzvme isJn activated at pH 4.6 for 1 h . Lipoprotein lipase has 
been Tsolated from bovine skim milk using affinity chromatography on Se- 
pharose to which heparin has been linked covalently. Its molecula r^weight 
is about 50,000, and it exists as a noncovalently linked dimer under phys- 
tological conditions; it contains abo ut 8% carbohydrate. Preparations with 
activities capable of releasTni300-700 /imolof fatty acids (from a triglyceride 
emulsion at pH 8.5) per minute per milligram have been achieved. 

Cow’s colostrum contains little of the lipoprotein lipase but has a different 
lipase that is not bound to casein, does not bind to heparin— Sepharose, is 
not activated by blood serum, and is stable at pH 4.6 for 1 h. It disappears 
after the first few milkings following calving. The two lipases do not exhibit 
immunological cross-reaction. The colostral lipase probably falls under the 
classification of a triacylglycerol lipase (EC 3. 1.1.3) but does not appear to 
be homologous to the bile-salt stimulated lipase of human milk. Lipolytic 
activities of skim milk and colostrum are respectively about 600 and 200 


frmobmin-' -liter-' (measured with tributyrin emulsion at pH 8.75, 37°C). 

Milk alkaline phosphatase (EC 3.1.3.1) is a phosphomonoesterase. Two 
major isozymes have been identified, or and p phosphatase, mainly located 
in the milk plasma and fat globule membrane, respectively. The latter, more 
abundant, isozyme has been highly purified from bovine milk and found to 
be a dimer of two identical or very similar subunits each of MW ~ 85,000. 
It contains about five atoms of zinc per dimeric molecule. Its optimal pH 
for hydrolysis varies from one phosphate ester to another and with the 
composition of the medium. Monoesters, such as phosphoserine and p- 
glycerophosphate are hydrolyzed maximally near pH 9. 

A second phosphatase present in milk has a pH optimum at about 4.0. It 
is probably the acid phosphomonoesterase (EC 3. 1.3.2), though it also has 
been assumed to be more similar to the phosphoprotein phosphatase (EC 
3.1.3 16) of bovine spleen. It is primarily in the milk plasma. Its concentration 
is quite low (compared to alkaline phosphatase), though higher in colostrum. 

Both the alkaline and the aqid phosphatase can release inorganic phos- 
phate from caseins and from soluble esters, and this may occur in milk or 
fractions thereof under appropriate conditions. The acid phosphatase is the 
more active of the two at the pH of milk. These two enzymes differ greatly 

in susceptibility to inactivation by heat. (See Section 7.4.) 

The ribomtclease (RNase. EC 3.1.27.5) content of mixed milk was found 
in one study to be II mg-litcr-' and 25 mg liter-' in another. RNase has 
been isolated from bovine milk by various methods; it appears to be identical 
to bovine pancreatic RNase in .amino acid composition and immunologiral 
cross-reaction. Bovine pancre.atic RNase has been well characterized. It 
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consists of a single polypeptide chain of 124 residues, with MW 13,690. In 
spite of the low content of RNase in human milk (3 mgditcr"*), it has been 
isolated from that source by adsorption on a cation exchanger. Both RNase 
and lysozyme are so adsorbed; they can be differentially eluted. 

Lysozyme (EC 3.2. 1 .24) is quantitatively an important fraction of the whey 
proteins of human milk (400 mg*litcr"‘)- It is a powerful bactericide as it 
attacks polysaccharides of the bacterial cell wall, causing lysis of the bac- 


teria. Bovine milk contains only about 0.1 rngditcr"* of lysozyme^ never- 
theless, lysozyme has been isolated from it. The lysozyme of human milk 
appears to be identical to that found in other human secretions; lit is a 
polypeptide of 129 residues, with MW 14,602. a-lactalbumin and lysozyme 
are considered to be descendants of a common ancestor. Human lysozyme 
and a-lactalbumin. both obtained from milk, have diffcrcnl residues at 81 
of 129 positions. Both have four disulfide bridges identically placed. 

The principal milk proteinase belongs to the alkaline serine proteinase 
class; it is probably identical to the plasmin of blood (EC 3.4.21.7). Blood 
plasminogen (human) is a polypeptide of 790 residues; activation involves 
proteolytic cleavage of the C-terminal 230 residues and sometimes the N- 
« 'veil. Apparently, this enzyme enters milk from blood 
mnnlrt™ plasminogcn. In fresh milk only a small 

Ltivatlrthe active form; milk may contain a factor that slowly 
ce les It aiLu “““'“led with the casein mi- 
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7.4. INACTIVATION 

Enzymes usually are inactivated by all conditions that cause denaturation 
of globular proteins (See Section 6 I ) They also can be inactivated by 
intense ionizing radiation and by prolonged shearing of the solution (at least 
some enzymes) Most interesting is inactivation by heat treatment, which is 
mostly irreversible It usually depends closely on conditions like pH, ionic 
strength, and water activity (See Section 17 2 for the latter ) 

The kinetics of heat induced reactions in milk are discussed in Section 
10 2, and the theoretical basis for the widely used plots of log time versus 
temperature for a given amount of reaction is presented there Such plots 
for the inactivation of various enzymes in milk are given in Figure 7 2 They 
should be interpreted with care, small changes in the environment may alter 
the curves For instance, some enzymes are more stable in the presence of 
substrate than in its absence Moreover, the different isozymes of one en- 
zyme (if present) may show a slightly different relation, often causing curved 
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plots. Some bacterial lipases even exhibit a distinct break in the log lime 
versus temperature plot. Figure 7.2 shows a remarkable ningc of stability. 
The difference between the two phosphatases is noteworthy. Alkaline phos- 
phatase has long been employed as an index of adequate pasteurization 
because it is inactivated by treatments similar to those required to kill tu- 
berculosis bacteria. Certain other enzymes sometimes have been suggested 
as indicators of adequacy of heat treatments for other dairy products (es- 
pecially low-heat and high-heat dry products), but no test of this kind has 
gained wide acceptance, though a lactoperoxidasc test is used in some countries. 

Certain enzymes exhibit some reactivation after high-temperature, short- 
time heat treatments. This means that a small amount of activity is regained 
during storage after the heat treatment. This effect is especially noticeable 
with alkaline phosphatase and with the natural milk protcinasc-plasmin. The 
reactivation of alkaline phosphatase, which is chiefly observed in cream 1 
(because of its high phosphatdse content), may cause problems in the control 
of pasteunzaiion; it is uncertain from the phosphatase test whether or not' 
pasteurized. It appears that only one of Ihc 

S i alro fal Blobule membrane) is reac- . 

tire reacuS enzvr^f- ^ 

enzyme This eomnHeru '''p more than the original 

enzyme. Thts eompl.eates the determination of the inactivation curve. 
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This chapter deals with a large number of milk components that are present 
in low concentration (generally less than 100 mg kg '), most of them do not 
, fit unequivocally into any of the classifications in the previous five chapters 
* They are grouped into the three categories of natural components, contam- 
inants, and radionuclides 


8.(. NATURAL COMPONENTS 

The compounds included in this section appear to be natural in that they 
are present in freshly drawn milk and have been detected in all or nearly all 
samples in which they have been sought Compounds that have gained access 
to milk cither accidentally or through chemical or bacterial action after 
milking are not included in this section Many of these natural components 
arc intermediate products of the metabolic processes that occur in the mam 
mary gland For convenience they arc grouped as gases, trace elements, 
alcohols aldehydes, ketones, and carboxylic acids, nonprotein nitrogenous 
comnounds sulfur-containing compounds, conjugated compounds, phos- 
pS es"era nucleotides and nucleic acids, and hormones 

Minor Imi’ds arc discussed in Sections 5 I and 5 2 (Tables A 3 and A 4 in 
the appendix) enzymes in Chapter 7 (Table A 10 in the appendix), and 
vitamms in Section 19 6 (Table A 14) Mmor carbohydrates arc discussed 
in Section 3 4 or arc included in one of the other calcgones, notably phos- 
phate esters Some components arc listed in more than one category A total 
of 171 compounds is considered in this scclion, not including trace elements 
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Improvemenls in ihc sensitivity and specificity of analytical methods have 
resulted in a great increase in the number of compounds detected in milk. 
Many of the components mentioned below have been detected by qualitative 
tests but not quantitated. Widely differing contents have been reported for 
some of those that have been quantilalcd; data arc insufficient to dale to 
enable us to decide whether such difTcrcnccs arc caused by natural or an- 
alytical variation. 


S.t.l. Gascs 

The gases CO2, N2, and O2 are present in anaerobically drawn milk in con- 
centralions of about 6.0%, 1.0%. and 0.1% by volume respcclivcly. CO; is. 
of course, in equilibrium with bicarbonate ion. (Sec Section 4.2.) Its con- 
centration falls rapidly m milk exposed lo the air and vinually Ihe entire 

con^ntratlonTb-"’ *’>' ’’“‘‘"S treatment. The 

DQsure nf milt ia o;- o 9^ ^2 Contents increase upon ex- 

about 1 3%N and0 5«r ”>ilh contains at room temperature 

at>outl.3%N:and0.5%O:byvolume.oraboutI5and6mg■kg-^rcspCclivcl^ 

8.1.2, Trace Elements 
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sively in xan.hinr„xida« 
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the fat globule membmnes; colos”™ “ f ' “>='>“■ of svhlch is in 
Milk contains about 200 pg-kg-' Pe ™ntain more than 100 pg-kg"'. 
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close to highways tend to produce milk with high Pb content Contact of 
milk with metal containers and equipment is an important source of con- 
tamination with Cu, Fe, Ni and Sn 

8.1.3. Alcohols, Aldehydes, Ketones, Carboxylic Acids, and 
Esters 

Ethanol and the carbonyl and nonamino aliphatic carboxylic acid compounds 
listed in Table A 11 m the appendix have been detected in the free state m 
fresh milk, that is to say that they are not linked covalently to other com- 
pounds Some of them have not been delected m all samples in which they 
were sought Derivatization with 2,4-dmitrophenyl hydrazine and various 
techniques of volatilization, extraction, and chromatography have been val- 
uable m detecting, separating, and quantitating these compounds 

The acids, of course, are ionized at the pH of milk, and some of them 
are associated lonically with Ca Citric acid is included to make the list of 
carboxylic acids complete It is dealt with m more detail as a major salt 
constituent in Chapter 4 The concentration of citrate m milk is about 10 
mmol kg~', that of all of the other carboxylic acids together probably totals 
1-3 mmol kg“' m most milks Bacterial action may increase considerably 
the concentration of some carboxylic acids, notably lactic, acetic, and py- 
ruvic acids, while part of the citnc acid may be metabolized Lipolysis causes 
an increase in free fatty acids (See Section 5 5 ) 

In addition to the compounds mentioned in Table A 1 1 m the appendix, 
several others have been detected in heated milk This is discussed m Chapter 
18, see particularly Figure 18 3 

8.1.4. Nonprotein Nitrosenous Compounds 

Compounds included here are of low molecular weight and are not precip 
itated with the proteins by 12% trichloroacetic acid Most of them are also 
dialyzable, but no systematic comparison of compounds present m trichlo 
roacetic acid filtrates with those in dialysates seems to have been made 
Recent analyses show that some peptides of low molecular weight are present 
m the 12% trichloroacetic acid filtrate 

The nonprotem nitrogen (NPN) content of milk is 250-350 mg kg-' or 
about 6% of total nitrogen, its total mass is about I g kg ' The principal 
components, accounting for most of the NPN, are listed in Table 8 I Anal 
yses in the literature differ considerably in concentrations reported for these 
constituents, and the ninge is undoubtedly wider than indicated in the Table 
This is because most NPN compounds are metabolites of ammo acids and 
nucleic acids, and their concentration in milk thus greatly depends on the 
protein content of the ration Other nitrogen containing compounds, some 
of which have been detected but not quantitated, are compiled in the ap 
pendix in Table A 9 
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Table 8.1. Principal Nonprotetn Nltrosenous Compounds In Milk 



Recent 

Report" 

Range in 
Literature 

Urca-N 

142 

84-280 

Creatine-N 

25 

6-20 

Creatinine-N 

12 

2-9 

Uric acid-N 

8 

5-8 

Orotic acid-N 

15 

12-13 

Hippuric acid-N 

4 

4 

Peptide-N 

32 


Ammonia-N 

9 

3-14 

a-amino-acid-N 

44 

29-51 

Total NPN 

2% 

229-308 


Note: Contents in mg per kg mi!k. 

■H. Wolfsohoon-Pambo and H. Klo«=m„>c,. M,lch.„«n,chaf, « ,|9S1).59S. 
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mg'kg"'. (See appendix, Table A.9.) Lipoic acid, an important carrier of 
acetyl groups in metabolic reactions, has been identified in milk, but its 
concentration seems not to have been determined. 

Taurine concentration in milk is about 4 mg-kg"‘; bovine colostrum and 
milks of other species, especially human milk, contain much higher con- 
centrations of taurine. (See appendix. Table A.9.) The possible nutritional 
significance of this compound is discussed in Chapter 19. Thiocyanate, SCN", 
has been reported frequently as a constituent of normal milk. There are large 
variations in the content reported both within and among the results of 
various workers. These may be related to season and feed. Many of the 
analyses fall in the range of 1-5 mg-kg"', but some are much higher, up to 
20 mg-kg-'. 


8.1.6. Conjugated Compounds 

Many compounds apparently conjugated with glucuronate or sulfate have 
been detected in milk. The conjugates are adsorbed from milk on a neutral 
resin, eluted and hydrolyzed with glucuronidase and aryl sulfatase. In one 
study some 42 such compounds were identified. (See Table A. 13 in the 
appendix.) Several of them also occur in the free state. (See Tables A.9 and 
A. 11.) It is not known which are conjugated with glucuronate and which 
with sulfate, and curiously enough glucuronate itself has not been detected 
in milk in either bound or free state. 


8.1.7. Phosphate Esters 

Milk contains about 100 mgkg~ ' of phosphorus in the form of soluble organic 
compounds. Many of these are esters of orthophosphoric acid. A list of those 
that have been detected is in Table A.2 in the appendix. They are mostly 
sugar phosphates and constituents of phospholipids. 

8.1.8. Nucleotides and Nucleic Acids 

The list of nucleotides detected in milk has grown rapidly as more sensitive 
methods have been developed. (See appendix. Table A. 12.) The common 
mono- and di-nucleotides, 3',5'cyclic-AMP, and ATP are all present. ATP 
is located entirely in the casein micelles. Several nucleotide sugars, doubtless 
intermediates in glycoprotein synthesis, are found in milk. Both RNA and 
DNA have been detected and quantitated; leukocytes probably are an im- 
portant source. 


8.1.9. Hormones 

The protein hormone prolactin, of 199 amino acid residues and MW 22. 663, 
is normally present in milk at a concentration of about 50 pg-kg”'. Prolactin 
secreted in bovine milk has been shown to be biologically active in stimu- 
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lating the secretory activity of rabbit mammary cells. Milk may contain 
placental lactogen and lutcotropin, but, if so, the concentrations arc much 
smaller than those of prolactin. 

The hypothalamic hexapeplide gonadotropin-releasing hormone (GnRH) 
has been found in milk in concentrations of 1.5 ;xg-kg~‘, and a second 
hypothalamic peptide, thyrotropin-releasing hormone (TRH) may be present 
in much lower concentration. 


There are no clearcut demonstrations of the presence of any of the amine 
hormones of the adrenal medulla (e.g,, adrenaline) or of the thyroid (c.g.. 
thyroxin) in bovine milk, although the latter has been found in human milk. 

Steroid homones, both from the adrenal cortex and from the ovary, arc 
present in milk. In the former category the glucocorticoids cortisol and 
corticosterone total 0.2-0.6 ^g-kg-. Progesterone concentration is about 
10 (up to 30), estrone 28, and estradiol (mostly 17 a- but a little 17 (3-) about 
175 pgkg . Metabolic products of the steroids— 5 a-androstanc- 3 , 17 -dione 
and 5r<-pregnane-3,20-dione-al5o have been delected in smnll concentrations. 


8.2. CONTAMINANTS 
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method employed), but the level. The limits are thus based on the maximum 
dose of the substance that is generally considered safe, which varies widely 
(by several orders of magnitude) among substances, and on the quantity of 
the product usually consumed. Such limits include a wide margin because 
of differences among people in susceptibility to a certain toxicant and in 
eating habits. 

Contaminants may be detrimental to the food quality of the milk or its 
derivatives. Several substances impart off-flavors, which are further dis- 
cussed in Section 18.3.1. Others may induce chemical reactions causing off- 
flavors; a notorious example is Cu and fat autoxidation. Some substances 
interfere with manufacturing processes; for example, antibiotics and disin- 
fectants inhibit bacterial action, hence fermentation of milk. Finally, milk 
may be expected to contain several contaminants that are not harmful or 
detrimental and, therefore, often go unnotieed. 

There are several pathways by which contaminants gain entrance into the 
milk: 


1 . Substances can be excreted by the glandular epithelium of the udder, 
which implies that they are in the blood. The common way of uptake 
by the cow is through the digestive tract; this concerns mainly con- 
taminants of the feed and possibly drugs administered. Another route 
is through the air (e.g., volatiles, aerosols). Finally, drugs or other 
medicaments can be taken up through the skin or directly injected. 
The concentration of a contaminant may be much diminished by 
passage through the cow: substances may be broken down in the 
digestive tract; they may be absorbed poorly or not at all by the 
intestinal mucosa and be excreted with the feces; they may take part 
in the metabolism and be broken down, for instance, in the liver; they 
may be excreted by way of the urinary tract, the lung, or the skin; 
and, finally, they may be excreted into the milk, though the glandular 
epithelium constitutes a barrier of some resistance. The cow thus acts 
as a filter but, as each compound has its own fate, of widely variable 
effectiveness. It will be clear that, besides the substance itself, me- 
tabolites of a contaminant may enter the milk; well-known examples 
are DDE (metabolite of DDT) and aflatoxin M , (metabolite of aflatoxin 

B,). 

Some compounds tend to accumulate in the body and can thus be 
excreted into the milk long after uptake by the cow. For instance, 
several di- and trivalent cations are deposited in the bone. A notorious 
example is the accumulation of lipophilic (apolar) substances in the 
body fat. Most lipophilic compounds also can pass cell membranes 
fairly easily; hence their excretion into the milk, where they arc pres- 
ent in the fat. Consequently, concentrations usually are given per 
kilogram of fat. Because of the behavior mentioned, several lipophilic 
contaminants are potentially harmful to the consumer (chronic tox- 
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icily). Milch animals tend to metabolize and thus consume body fat 
in order to provide energy and nutrients to produce milk; this may 
cause an increase in the level of any lipophilic contaminant in the 
blood, hence in the milk. 

2. Materials that are introduced into the udder, notably drugs (like sul- 
fonamides) and antibiotics to treat mastitis, readily contaminate the 
milk. In most cases their presence in the milk is reduced to negligible 
quantities within three or four days after they are administered. 

3. During milking and transport, milk may become contaminated by 

substances ernitted by the cow (udder, skin, feces), the milker, the 
air and utensils, pipelines, and so on. Similar contamination may 
occur dunng manufacture of milk products and from packing mate- 
na s. roper hygiene and the use of suitable materials (stainless steel, 
f mi!.’ plastics) will reduce such contamination to negligible 
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they are potentially harmful to the consumer, there is less concern about 
them because they do not accumulate in the fat and are largely broken down 
by the cow, predominantly in the digestive tract 

Polychlorinated biphenyls (PCBS) are potentially harmful for the same 
reasons as the organochlonne pesticides PCBs have been used widely m 
industry, causing considerable contamination of the environment m general, 
and milk has not escaped Their use is now curtailed m many countries 
Plasticizers from plastics (packing materials, milk pipelines) have been 
reported in milk, notably some phthalates, likewise, antioxidants from rubber 
teat cup liners may contaminant milk A proper choice of material suffices 
to prevent such contamination 

Detergents and disinfectants may gain entrance readily if milk utensils 
and manufacturing equipment are not sufficiently rinsed Another source is 
teat dips, which are disinfectant solutions applied to the teats before or after 
milking m an attempt to prevent mastitis Detergents are rarely harmful but 
some disinfectants are Of special concern are lodophores, excessive con- 
tamination may increase the iodine in milk to undesirable levels 

Nitrates and nitrites sometimes are problems Cheese whey may show 
undesirable levels, because (limited) quantities of nitrate are used widely to 
prevent late blowing in cheese Nitrate can be reduced to nitrite, which is 
a suspected precursor of the highly carcinogenic nitrosammes The latter 
compounds, however, have never been found m milk products in significant 
quantities 

Antibiotics have caused, and m some cases still cause, considerable prob 
lems in some fermentations of milk (notably yogurt) and are not acceptable 
with regard to the consumer’s health 

Drugs administered to the cow may gain entrance into the milk This also 
may be the case with synthetic hormones illegally given to boost animal 
growth, but these are not normally applied to milk-producing cows 

Mycoloxms m milk usually onginate from molds growing on concentrates 
fed to the cows Particularly suspect are the highly carcinogenic aflatoxms 
and some of their metabolites Strict control of feed is the best way to 
minimize the nsk 

Hea\y melals that are suspect for toxicological reasons include Pb, Hg, 
and Cd, but toxic levels have never been found in cow’s milk For most 
heavy metals, the cow is an effective filter 


8.3. RADIONUCLIDES 

We are concerned here with radioactive isotopes of some elements rather 
than specific chemical compounds Such isotopes are always present in milh 
but in minute quantities Higher levels are found when considerable radio- 
active fallout occurs, such as that caused by the use or testing of nuclear 
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weapons. The consumption of contaminated food (including milk products) 
may then pose a serious health risk, chiefly possible carcinogenesis. In milk 
the greatest concern is posed by ’'’Sr and *’*1. 

Table 8.2 lists potentially hazardous radionuclides in milk, with some 
particulars. The physical half-life refers to the period needed to reduce the 
radioactive emission by an isotope to half of its original level. The biological 
half-life refers to the time it takes until half of the amount of an element 
ingested by a person has been excreted. To be sure, the latter is a poorly 
defined quantity; the element goes to several locations in the body (digestive 
tract, blood, liver, bone, etc.), and each of these pools has a different half- 
life. The table refers to the half-life of the most tenaciously held pool, which 
may concern only a small fraction of the isotope ingested (e.g., 6% for ‘"Ba). 
Even then, the values are uncertain; they depend greatly on physiological 
condjtions and on nutrition. The location of the element in milk indicates 
which physical fraction of the milk is comparalivcly safe if serious contam- 
maiion has occurred. 
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short periods after senous fallout. Most I is found in milk serum, a small 
portion being strongly bound to proteins; about 2% is in the fat globules. Cs 
chemically behaves like Na+ and K*. 


Suggested Literature 

Several minor components of milk are discussed by 

R Jenness, in Lactation A Cotnprehenstie Treatise, B L Larson and V R Smith, eds , vol 
HI, chap I (New York Acadennc Press, 1974) 

A H Johnson in Fundamentals of Dairy Chemistry, 2nd cd , B H Webb, A H Johiison, 
and J A Alford, eds , Chap 1 (Westport AVI, 1974) 

A review on trace elements in milk is 
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Much information on chemical residues in milk and milk products is in 
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Environmental contaminants in milk also are discussed by 
M Kroger, m Lactanon A Comprehensive Treatise, B L Larson and V L Smith, eds . vol 
HI, chap 3 (New York Academic Press, 1974) 

In the same book, physiological and chemical aspect of radionuclides in milk 
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F W Lengemann, R A Wentworth, and C L Comar, chap 4 
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9.1.1. Interspedes Variation 

By definition all species of mammals produce milk. There are about 4000 
extant species of mammals, but only for about 200 is anything known about 
milk composition. Furthermore, for many of these species only a single 
sample or a few samples, which may not be representative, have been ana- 
lyzed. The available data show great interspecies variation in gross com- 
position, in fatty acid patterns, and in the composition of proteins, carbo- 
hydrates, and minerals. Dry matter content ranges from 8.0-68%, fat 
0.3-53.0%, protein 1.0-24.0%, lactose 0-10.0%, and ash 0.2-2.0%. Fatty 
acid patterns range from the high short chains and low polyunsaturates of 
ruminants to the highly unsaturated long-chain compositions of marine mam- 
mal milk fat. All milks examined to date contain casein, but its proportion 
ranges from 25-90% of the total protein. /3-lactoglobulin constitutes 10% of 
the protein of some ruminant milks and occurs in milks of such other families 
as horses and carnivores but is absent from primate milks. a-Iactalbumin is 
absent or scarcely detectable in milks of certain seal species but is prominent 
in most other milks. Serum albumin and immunoglobulin contents probably 
also vary among species, but few quantitative data are available. Not only 
the total mineral content of milk, as reflected in ash. but also the proportions 
of the various mineral elements vary greatly among species. The citrate 
content of milk ranges from virtually none in milks of some rodents to about 
0.2% in ruminants. 

Presumably milk composition reflects the specific nutritional needs of the 
young and the natural habitat and nursing habits of the species. There are, 
indeed, fair correlations between relative growth rale of the young and the 
protein and calcium phosphate contents of the milk. Animals living in cold 
arctic and aquatic climates produce milk of high fat content for the obvious 
reason that fat is needed as a concentrated source of energy and as an 
insulating material. But desert animals also have high-fat milk, presumably 
to conserve water. Species that nurse infrequently produce a more concen- 
trated milk than those that nurse frequently. The contents of lactose and a- 
lactalbumin are closely related, undoubtedly because the latter is needed in 
the synthesis of the former. (See Section 2.3.3.) Some other correlations are 
not explained so easily. One such is the high correlation in hoofed animals 
between fat and protein contents of milk. (See Figure 9.1.) Incidentally, 
intraspecies variation in cows throughout lactation follows reasonably well 
the interspecies trend shown in Figure 9. 1 . 

The only species raised specifically for milk production, except in labo- 
ratories, are hoofed animals. Most important are cow, zebu, buffalo (also 
called water or swamp buffalo or carabao), goat, and sheep. Western cattle 
and zebus are considered by some mammalogists to be subspecies of the 
species Bos taiiriis; crossbreeds between them are used much in an endeavor 
to combine the high milk production of the former and the endurance of 
tropical conditions of the latter. Apparently llamas (Lama glama) are milked 
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fat and comparatively larae fat l k Buffalo’s milk also has white 

■aek the factors founVircow’s^Xtl’ilil”' , goat, and sheep 
globules. * *nat cause cold agglutination of fat 

Table 9.1 also eive« iti#i • . 

discussed more fully“i„ Chamr fot comparison; it is 

Table A.25. Chapter 19 (Tables 19,1-4) and in the appendix. 


of Cow’c Mill, 

*hh variation in 

TaHe f.3.r ^ 'css.^;s”erfor '"nsmncTFlgLT 

-“-n.owhe;Z^,~;,;ro“t;S=mg.r 

y constant, but the proportions of indi' 
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Table 9.1 . Approximate Composition (% w/w) of Milk of Humans and 
some Mitch Animals 


Species 


Water 

Fat 

Casein 

Whey 

Protein 

Lactose 

Ash 

Human 

Homo sapiens 

87 I 

45 

04 

05 

7 1 

02 

Donkey 

Equus asiniis 

88 3 

1 4 

I 0 

I 0 

74 

05 

Horse 

Equus cabaUits 

88 8 

1 9 

1 3 

I 2 

6 2“ 

05 

Camel 

Cameliis dromedarius^ 

86 5 

40 

27 

09 

50 

08 

Reindeer 

Rangifer tarandus 

667 

18 0 

86 

I 5 

28 

I 5 

Cow 

Bos taunts 

87 3 

39 

26 

06 

46 

07 

Zebu 

Bos mdtcus 

86 5 

47 

26 

06 

47 

07 

Yak 

Bos gritnniens 

82 7 

65 

-5 8'- 

46 

09 

Buffalo 

Bubalits bttbahs 

82 8 

74 

3 2 

06 

48 

08 

Goat 

Capra htrais 

86 7 

45 

26 

06 

43 

08 

Sheep 

Oms ones 

82 0 

72 

3 9 

07 

48 

09 


Note After vanous sources 
"Calculated by difference 
‘Also C bactriantts and cross breeds 
'Probably 6 38 x total N 


whey proteins vary more than those of (he caseins Some vanation in mineral 
composition occurs (Figure 9 3 gives examples ) 

The distnbution of components among the physical fractions of milk vanes 
somewhat Fat globule size vanes considerably, the volume-surface average 
</vs ranging from 2 5 to 6 0 fim, which corresponds to a difference by a factor 
of 14 in average volume Casein micelles also vary in size, voluminosity 
(i e , volume per unit mass of dry casein), and composition Within a single 
milking of one cow, fat globules and casein micelles vary not only in size 
but also in composition 

Vanation m composition causes variation in physical properties Standard 
deviations for individual cow samples throughout a year are roughly 2 kg m ^ 
for density, 1 mM for titratable acidity, 0 04 units for pH, 10“^ units for 
refractive index of the fat, and 5% for viscosity 

The following paragraphs present the most important sources of vanation 

Breed. A wide diversity of breeds of cow exists Breeds should not be 
considered subspecies, they are predominantly the result of selection by 
people to obtain cattle suitable for the production of milk, meat, or draught 
power and fit for local conditions, such as climate, feed, terrain, and customs 
This has led to a wide vanabihty m milk yield and, to a somewhat lesser 
extent, composition Typical dairy breeds, however, do not show much 
vanation m milk composition Some examples are in Table 9 2, the difTer- 
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Table 9.2. Approximate Average Composition {% w/w) of the Milk of 
Some Breeds of Cow 


Breed 

Dry 

Matter 

Fat 

Crude 

Protein 

Lactose 

Ash 

Friesian" 

13.0 

4.1 

3.4 

4.6 

0.75 

Holstein^ 

12.5 

3.7 

3.3 

4.6 

0.73 

Ayrshire 

12.9 

4.0 

3.4 

4.6 

0.74 

Brown Swiss 

12.9 

3.9 

3.5 

4.6 

0.75 

Jersey 

14.8 

5.3 

3.9 

4.7 

0.76 

Sate: After various sources. 
"In Ihe Nelheriands. 

*ln the U.S.A. and Canada. 






various sourcec slightly exaggerated, because the data are from 

Selection toward nm conditions were not strictly comparable, 

imals have decreLed^v international trade in breeding an- 

increased Iheir milk fat content?, i’ Red-pied breeds) have 

milk of the Channel Island brelTn” " O"'!' 

different, having very hi^ fat and nrof”*'’ s''” 's 

Within species variation of bulal^s eLT\ " ?T 

paratively wide, presumahlv v,-,. ** s milk also is corn- 

trade in breeding animals slight ®*^'ccUon has been less intense and 

one breed may be coiisideraHc^Pv among individual cows of 

Table 9.3.) If the 

vanation mostly will be the result of greater part of the 

ot genetic factors. 

^ the udder of one cow mostl^^^!I!!"p different quarters 
n affected by mastitis. vgiigible. unless a quarter is or has 

Stage of lactation Tti. t- 

^=mbly influences milk ■''‘■ving con- 

Sn^rr m “■ ^'-.To be sur^the^"'?*..''’ needs of the 

mon to rn'm composition and ii. 'n becomes pregnant 

ntampics nr "ght up to the next cni months, but 

P " '"'"^tion curves and show hT'"?- "nd 9.3 give 

that vanation can be considerable. 
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Figure 9.2. Approximate average milK yield per cow 
and tolal dry matter and energy excreted with the milk 
dunng lactation After vanous sources 


Other constituents change as well, some to an even greater extent The pH 
IS on average at first about 6 6, then for a penod about 6 7, and nses to 
about 6 9 at the end, this implies that the activity vanes by a factor of 
2 In the course of lactation the total ionic strength and the Ca^'^ activity 
decrease (especially at first), the proportion of the Ca and the phosphate 
associated with the casein micelles increases, and Ihe concentration of cal- 
cium phosphate in the micelles slightly decreases The quantity of P present 
in soluble esters decreases from about 250 to about 50 mg kg"' of milk 
(average - 90 mg) The ratio of caseins to whey proteins remains practically 
constant for many cows (except in colostrum), but the proportions of mdi- 



Figure 9 3 Approximate relations between the content of some components in milk and stage 
of lactation The average content is pul at 100% one division corresponds to 5% After vanous 
sources 
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vidual whey proteins change; for instance, serum albumin increases and 
immunoglobulins decrease with lactation. The tendency for the fat globules 
to agglutinate in the cold markedly decreases with lactation. At the very end 
of lactation milk composition becomes slightly more similar to that of blood 
serum; the tendency to lipolysis may increase considerably. 

The data of Figures 9.2 and 9.3 are approximate averages. The extent to 
which milk composition changes with lactation varies markedly among cows. 
(See also Table 9.3.) It is difficult to establish the precise effect of lactation 
stage; both season and feeding regime may change along with advancing 
lactation (see below). The effect of lactation stage also depends on the 
condition of the cow; for instance, if U is well fed at parturition, milk fat 
content is high at first (as in Figure 9.3), but this is not so if the cow is 
underfed. If a cow remains barren for a long time after parturition and 
la^ation rs thus prolonged, milk composition eventually may become very 
difTerent. dry matter content being very high (26% has been observed once 


that milk Composition rapidly changes at 

cLoosition anf parturition has a very different 

composition and is called colosinim or beestings Figure 9 4 shows how 

t^ritioMrngivr'i^Fi^^^^^^ -- ^how a far les^ marked 

serum protrin conTenfcLs^ ^ milk. The high 

at, say, SOX, Cu content k or sel like eggwhile when heated 

Mg-kg-’ in midlaclation and Fe as compared to 20 

is markedly different colosimm f " ^ composition 

and more species of ’proteolytic’ and Sw'’ ‘^“"’“'"‘"8 greater quantities 
low as 6.0. '‘Po'id'c enzymes. The pH can be as 



*2Ctaiion millt for sucp.. of colmlnim and early- 

«nilkc(j twice a dav milkings after partunlion. Cov.s 

After various sources '"’’eight, logarithmic scale. 
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Age of Cow. This has a very small but consistent effect on milk com 
position Fat and sohds-not-fat contents decrease very slightly with each 
successive lactation 

Mastitis. Several species of pathogenic bacteria may cause inflammation 
of the udder if they have succeeded m entenng it, such an inflammation is 
called mastitis It causes a decrease in milk yield and a change in milk 
composition, and the number of somatic cells in the milk (especially poly- 
morphonuclear leukocytes) increases A cell count of greater than 5 x 10’ 
ml“' often is taken as a cntenon for mastitis, but this is not precise Other 
factors affect cell count, notably the individual cow, the stage of lactation, 
and the age (and perhaps mastitis history) of the cow Examples are given 
in Figure 9 5 Consequently, an udder quarter without inflammation may 
give milk with a high cell count (e g , I0‘ ml " '), while another one may have 
mastitis and a changed milk composition while the cell count is only 2 x 
10’ ml“' To be sure, different methods for cell counting may not give 
matching results, and differences by a factor of 2 are no exception Finally, 
because of the very wide range m cell counts, the average value obtained 
for a number of samples greatly depends on the method of averaging For 
instance, the cell count frequency of quarters in Figure 9 5C gives a nu 
mencal average of some 6 x 10’ ml ', the average weighted with milk yield 
(i e , the hypothetical milk composed of all milkings) would have been lower, 
say S X 10’, and the often taken geometric average (obtained from the 
numerical average of log cell count) is only about 2 x 10’ 

Figure 9 6 shows typical examples of the relation between milk compo 
sition and yield, and cell count If the latter is very high, yield is much 
reduced and milk composition becomes more similar to that of blood serum 
This IS reflected, for instance, in protein composition, mastitic milk con 
taming as much as 10 times more serum albumin and immunoglobulins as 


A B [ 


cell counlllO’/mlt cell counltlO’/inll frequency 



Hsure 9 5 Somatic cell numbers in milk Examples of the cell count as a function of (A) 
siage of lactation and fB) age of cow frequency (Q of samples of milk from individual quarters 
and from herds wjih a certain cell count Aficr vanous sources 
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buiidn* Maslitk *1*'*^"''. “"““'rt of ^lacloglobulin and a-Iactal- 

* concentrations of 

teose-peS mav P™>ci"oscs. Consequently, amounts of pro- 
composition (relatively le™Tm™e yVth'' '“n" 

high and oara-K-casein m-»,r u proportion of K-caseIn may be 

live-fold and catalase a twenty!fE«e!^"'“''"n ^ 

originating from the somatic ceils Snom,'' 

increase with ceil count but to deerraf, ’ "™”* bpolysis seems at first to 

ion activity decreases the nH nf ^ counts. Hydrogen 

Fat composition is affected'^the O'® being about 0.3 units higher, 

'’^'.^jon'e'vhat higher in masti«c°S”" fo’IV ncid residues 

of udder pathogens in thrmUk.'*But nl presence or abundance 

easy diagnostic tests. Mostly cell m.. demand for quick and 

It IS somewhat ambiguous Tests for " ^ but, as discussed, 

n ase) turn out to be less accurate Pn? w ^ “mponents (c.g., DNA, cat- 
conductivity (because of ih. n lactose content or a high 

good an indicator as a high cell count ™ay be almost as 

Nutrition. Because of tm 

*d'irfc'"'^'"-“ nonstant norap^'nOTor '' “Pability of an organism 

and cells, despitTgross 

influence”*^* nutrition primarrT ^ effect on most milk 

udder Section 2 3 eiv ^ ^ects milk yield and has less 

bythefted^nar -^o-PositioT nutrition on 

feed, and fat composition is 0^0 distinctly 

even more so, A high-protein diet causes 
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nonprotein N content of the milk to increase. Several minor components, 
such as carotene and its derivative vitamin A, are strongly affected by the 
content in the feed, and the same is true for I and some other trace elements. 

Climate. Unless they are extreme, climate or weather conditions have 
little effect on milk composition. High ambient temperatures (> 30°C) tend 
to give higher fat, lower N, and lower lactose contents. At temperatures 
below freezing, fat and N contents both tend to be higher. 

Method of Milking. During milking the fat content of the milk leaving 
the udder increases (e.g., from 1-10%), although there are marked differ- 
ences among cows in this respect. This implies that any milk left in the udder 
because of incomplete milking will be high in fat content, and so will the 
milk drawn during the next milking. This largely explains the often encoun- 
tered day-to-day fluctuations and part of the wide variability in fat content 
of individual milkings. If the time elapsed after the previous milking is short, 
milk yield tends to be lower and fat content higher. Hence, evening milk 
usually has a higher fat content than morning milk, because of a difference 
in time interval. Other milk constituents are hardly affected by the method 
of milking. 

Other Factors. Milk may vary, of course, in composition or properties 
because of contamination (Section 8.2) and processing, but these aspects 
are not considered here. 


9.2. EXTENT OF VARIATION 

Natural fluctuations in composition or properties often show a log-normal 
frequency distribution. Such a distribution presumably results from the ex- 
istence of many causative variables, each of which may increase or decrease 
the measured variable (e.g., lactose content) by a certain factor close to ]. 
(Incidentally, the more commonly applied distribution is the normal or Gaus- 
sian one that arises if many variables add or subtract a certain small quantity. 
This is a less likely mechanism, which also follows from the fact that it 
allows the existence of negative results, clearly impossible for such variables 
as lactose content.) For a log-normal distribution a plot of the frequency 
against the logarithm of the variable shows a symmetrical, Gaussian curve. 
Examples of distributions are in Figures 9.7 and 9.5C. The distributions of 
lactose content and cel! count of quarters are skewed markedly, the former 
having a tail to the left, the latter one to the right. The cause is probably 
mastitis; most samples are from healthy udders (or quarters), but some are 
not. This is a clear example of a distribution that is composed of two or 
more different subdistributions, each with its own average. 

The extent of variation of a variable x is usually expressed as the standard 
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='“< nos.ri,hmic 
Stationery Office, 1923). ‘ Composition of Milk (London: U. M- 


gLm«ric^aL^r?d“v?at!Srwo^^^^^ log-normally distributed, the 

is not too wide the differonr,* ^ appropnatc, but if the variation 

distribution is slight. Fo? a wideW (Gaussian) 

however, the standard deviatinn ^ ^'^®rcnt variable such as cell count, 
of a distribution is essentially '"fonnation. 

ralue),sothecoefhcie„, lr !^^^^^^^^^^ .0 the avemge 

IS often expressed in percent Examn^ ‘ parameter: it 

The extent of variation strnno^^^^^ 

good example is in Figure 9 5r wh on the sample population. A 
compared. Lots of milk that are rjoarter and herd samples can be 

theticai) sublots of varying origin moS*'**i,°*^ “ greater number of (hypo- 
part of the source of variation is etim- “ smaller spread, because 

■"dividual cows may range f°om 2 ^1''“- J''= of samples of 

as reeetved at a dairy faLry wifi ^.’iv 

the vanation among lactation ar™?-’^ exceed 1%. Table 9.3 shows that 

eases be larger than the varialioraL'* '"taller but may in some 

fe ences among cows in the v^abM^ f™"> °"e "ow The dif- 
fer only mUllStf?'’?'"'^ 'IriKInS- Conse- 

fereni rp herd, kepi under difT means valid 

eulated ^■.*■'oreover, standard deviatior^f" eondilions, would give dif- 
evenine La "™* Table 9 3 '=°felations) may be cal- 

in fat cent milk have been etim- differences between 

lol ° w"‘ *'"’1" oows would O'ltetwise, the variations 

among e„ws would have been the ^e. " "h""""' those 
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Table 9.3. Variation In the Concentration (% wAv) of Some 
Components 

Within Cows 

■ — Among Cows 


Component 

Average 

a(x) 

(%x) 

Average 

c(x) 

(%) 

Range 
of c(x) 
(%) 

ufv) 

(%x) 

c(x) 

(%) 

Fat 

0 57 

14 5 

8-19 

0 25 

62 

Solids-not fat 

0 33 

37 

3-15 

0 26 

29 

Crude protein 

0 36 

10 6 

8-15 

0 22 

65 

Lactose 

0 20 

45 

3-8 

0 21 

46 

Ash 

0 035 

40 

3-7 


3 9 


Note Milk of 10 Fnesian cows of one herd throughout a lactation period (10 months), 
excluding colostrum Vanafion within cows has been calculated separately for evening and 
morning milk and then averaged Vanation among cows is for yield weighted lactation averages 
Source After A J van der Have J R Deen and H Mulder, A/e//i Milk Dairy J 33(1979) 
65 and 82 


9.3. CORRELATIONS AMONG COMPOSITIONAL PARAMETERS 

Many variables in milk composition and properties are correlated Corre- 
lation IS usually expressed as the product-moment correlation coefficient r, 
which ranges from - 1 to + 1 , r = 0 indicating no correlation Taking as an 
example the relation between milk protein and fat contents, Table 9 4 gives 
for the lactation averages of a particular group of cows r (crude protein fat) 
equals +0 56 Table 9 3 gives for the corresponding standard deviation in 
crude protein content 0 22%, this is the total standard deviation tr, Part of 
cr, for protein is thus explained by vanation in fat content, but for any fat 
content there remains a variation in protein content, to be expressed as the 
standard deviation free from regression o, We now have the relation 

It turns out that in this particular case or equals 0 18% protein, not so greatly 
different from £7i In general, rmust be quite near I or - 1 for a-fto be small, 
for a certain value of o-f, r will be nearer to 0 if tr, is smaller Equation 9 I 
also implies that r depends on the vanation width cr^, if the sample population 
shows a smaller spread, the correlation will be less if Of is the same To be 
sure, the above relations hold precisely only if the variables are normally 
distributed 

Table 9 4 gives some examples of r, and it is seen that many correlations 
vary widely among cows, moreover, r among cows may be rather different 
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Table 9A. Correlation Coeffldent between Concentrations of Some 
Components or Between Concentration and Yield 


Correlation Between 


Among 

Cows 


Average 


Range 


Fat and Protein 
Fat and Lactose 
Total N and Lactose 
Lactose and Ash 
Total N and Casein N 
Casein N and Ash 
Yield and Fat 
Yield and Total N 
Yield and Lactose 


+0.56 

-0.36 

-0.56 

-0.73 

+0.84 

+0.45 

+0.64 

+0.25 

+0.39 


Note: Afier the same data as In Table 9.3. 


+ 0.44 
-0.35 
-0.49 
-0.56 
+0.98 
+ 0.67 
-0.39 
-0.52 
+0.64 


- 0.1 

0 

- 0.1 

0 

+ 0.96 
+0.3 
- 0.1 
- 0.8 
+0.4 


+ 0.8 
- 0.8 
- 0.8 
-0.9 
+0.99 
+0.9 
-0.7 
+ 0.1 
+0.9 


cows than between cows Zlcli ^ higher within 

responsible for variation in the ornil™ ^ genetic factors being 

esting point is that fat and protein conilT°'"'°" 
niillt yieid among cows, but mostly n^nM- 'i ore positiveiy correlated with 
9-4 is only an example an^mlv nm II 

populations. ^ ^ fcprcscnialjvc of other sample 

Some coirelations can be predicted Th. . 
sure of milk cause a strong neaaiive i on the osmotic pres- 

of lactose and dissolved salts. Incidemln t" 'ho concentrations 

aedy constant; the coefficient of variai’ °^"’otic pressure is not ex- 
of individual cow samples throughout "I" fecezing-point depression 

effects ofaddedwaterand inaccuracy of der*^ (excluding any 

in milk must be present in equi-eqSlI Motions and anions 

coraelation between K and TT’ 

celHra"* pump” in tt,e°h* ' probabiy 

S„dT?°u '"9 f™" Ihe blo^ to the ^ if '"™'’rano of the iactating 

blood which pump is the main mean, Lf t^" f™™ 'hu cell to the 

the latte°r"a “ndissolved salts af'?" ^c con- 

a lol o? ' >" 'he casein mici, f “"elated, because 

instance of course will he that is part of 

stS o^ir,T^'^''h'»'alN, -J^„™II”“'? with that group, for 

S™=cotrIlIioII\®™7'_;y cone^ "hh ea'ch oth'e? 

V P ysiologieal constraints, any sITctim by bre'e^ers 
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for the one variable will also change the other Selection for cows with a 
higher milk fat content has led to an increase in protein content, as would 
be expected from the correlation between the two (See Table 9 4 ) But it 
has been shown that the genetic factors determining both variables are not 
all the same, and seleetion for the ratio of fat to protein is possible 


9.4. SOME CONSEQUENCES 

Vanabihty in the composition and properties of milk has several conse 
quences for the dairy industry The industry is particularly interested in 
seasonal vanation, but general trends as to that cannot be given This is 
because the effect of season depends on climate and feeding practice, which 
vary widely among geographical regions, and especially because calving 
pattern may be different If nearly all cows calve within a period of a few 
weeks, as is customary in a few countries, milk composition and the quantity 
delivered at the dairy strongly vary with time If, on the other hand, calving 
dates are evenly distributed over the year gross composition and total milk 
yield hardly vary with season Consequently, the examples given in Figure 
9 8 are by no means generally valid, they have been observed in Western 
Europe, but even there the trends may be quite different in different regions 
Regional differences are mainly caused by differences in the predominant 
breed and m feeding practice Differences between herds are the results of 
genetic factors (breed of cow, individuals), predominant calving time, feeding 
practice, and incidence of mastitis 

Yield of products depends on milk composition, butter yield on fat content, 
cheese yield pnmanly on casein content, and yield of skim milk powder on 
solids not fat Mastitis diminishes the yield of many products, because the 
ratio of casein N to total N is usually low in mastitic milk, the yield of cheese 
per percent crude protein also is low 



Figure 9 8 Examples of seasonal vanation in prop 
erties of milk and milk products (A) Firmness of butter 
(yield stress) (B) fat content of separated milk (C) 
quantity of citnc acid metabolized by Leuconostoc ere- 
mans in milk (D) heat coagulation time of milk at 
Mere (E) percentage of herd samples having a fat 
acidity >1 0 mmol/IOO g fat (F) color of milk fat (op- 
licil density at 460 nm) After vanous sources 
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Composition of products likewise depends on milk composition, hence 
nutritional value and possibly functional properties of the products vary'. 
Variation in fat content usually is counteracted by standardizing the milk. 
The fat content of skim milk also depends on the efficiency of separation, 
which in turn depends on fat globule size, which is variable (See Figure 
9.8B.) 


Crystallization behavior of milk fat greatly depends on fat composition, 
which is especially affected by feed. One consequence is variability in the 
firmness of butter; an example is shown in Figure 9.8A, 

Heat stMlity of milk may vary markedly with season, as illustrated in 
Fipre 9.8D. A main source of the variation is the urea content, but several 
other factore contribute. The tendency of evaporated milk to age thickening 
also may show seasonal variation. 

'o curdic With rennet) and 
variatZ annea . t! ™hcr variable. A main source of 

de“^^ 

able TWri* caused’ bv'd'tr'^^*'' natural creaming in the cold, is very vari- 
depends on the cow an'd on thrsTa^ro^Sriom”"'"'’ 

probably fat globule s'lL'^fat OTvs^'^fr"' variation are 

brane cLposhion '^«>ltolton, and possibly fat globule mem- 

ofbacierh (see Seetto^u 6?lre°variablc ""•'“bolic action 

concentration of agglutinins causing noccul^^ ihs'^nce. the 

eentration of Mn salts influences ih. r. • 'bacteria. The con- 

(Figure 9.gC) and thereby "he 

starters which, in turn, may alTeci certain species in mixed 

Flaror of milk may vajy'^ cotidemHv ’’"“'’'r'" S - «avor). 
microbial action are excluded The ht>i flavor defects caused by 

the mass ratio 100 «nd lactose is important; 


as an index, and it varies 


the mass ratio 100 ICll/lla^t* i 

from 1.2-5.0 folZiSuaS " “ ^n 

mastitic milk. A high ratio Jives a STv" ”; '='= lactation and 

to hemilktSection 18.3.1)®and,h«e ' a ' impart olT-llavors 

on ”>= beve oZeui oS ^=ttson. Lipase 

on the cow (variation by a 4™r„nn T'"' "ever strongly depends 

caused Fie-re ^gE , pZn"'°''' "’°cc prominZt in 

SrLse '’ fi*' “ibetion (such as ■“ >lcvclop flavors 
Co/o/-^ ^ ^ varies among cows; it 

rp:Z?}'?r like butter and cheese varies 
so^that scasn"*' containing much and hn "" 
depends on th" ^ marked effect *^°"taining little carotene) 

ontheab.luyof,hecawtoco„vm^^^^^ Figure 9.8F.) It further 
ene into vitamin A, which 
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strongly vanes among breeds (Jerseys giving a highly colored fat) and 
individuals 

Finally, as with any biological matter, variability interferes with the draw- 
ing of unequivocal conclusions in such investigations as on the effect of an 
external variable or treatment on properties of milk or milk products, es- 
pecially because so may sources of variation exist 


Suggested Literature 

A survey on milk composition and variability, including species other than 
the cow, IS by 

R Jenness in B L Larson and V R Smith eds Lactation A Coniprehensne Treatise 
Vol III Chap 1 (New York Academic Press 1974) 

A monograph on factors affecting milk composition is 
J H Moore and J A F Rook eds IDF Bulletin Document 125 1980 
Some articles on vanability of milk composition are 
J C D White and D T Davies J Dairy Res 25(1958) 236 
T A Nickerson J Dairy Set 43 (1960) 598 

A J van der Have J R Deen and H Mulder Neth Milk Dairy J 33 (1979) 65 and 82 
The effect of mastitis on milk composition has been reviewed by 
B J Kitchen J Dairy Res 48 (1981) 167 
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some time and cooled again) OnlaHy’ thT ^ rV 

milk safe for human hellih bv kfinn^^Il am of heating was to make the 

fcactcrinmtubercufoj/i.NowaLvs Tifm 

mitting infectious diseases by taw “mtnes, the chances of trans- 

bc neglected. The main numL ""'h are slight though they should never 
by kiSng micm:rSmrby1„tc& P— 
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determine the conditions in the milk at which the irreversible changes take 
place Examples of reversible reactions are 

The mutarotation of lactose (Section 3 2) 

Several ionic equilibria (Section 4 5), including pH (Section 1 1 3) 
Conformation of proteins, for instance, the dissociation of the /3-Iacto 
globulin dimer into monomers above 50°C (sometimes designated a pre- 
denatured state) 

Cold agglutination of fat globules (Section 14 3) 

State of crystallization of the fat (Section 5 7) 

State of association of casein (Section 13 1) 

The latter three are of particular importance at, say, 0-40°C 

Numerous changes occur on heating, and they are discussed throughout 
this book Here we give a brief survey, excluding microbiological aspects 

1. Gases, including COi are removed This happens for any nse in 
temperature, but it strongly depends on the pressure on the milk 
during heating The loss of O 2 and N^, and to some extent CO 2 , is 
reversible But in practice this is often not so, because the milk is 
held in large or closed containers 

2 . Some Ca and phosphate are transferred from solution to the colloidal 
state Though these changes are reversible, the relaxation times are 
long (See Section 4 5 ) The changes involved somewhat affect size 
and properties of the casein micelles 

3. Lactose undergoes several reactions, causing, for instance, the for- 
mation of organic acids mainly formic acid, and of lactulose, these 
reactions are noticeable only above J 0D°C (See Section 3 I ) 

[^4. Phosphoric esters, particularly those of casein, are hydrolyzed (See 
Section 10 3 ) Also some dissolved organic phosphonc esters and 
even phospholipids may be partly split, at fairly high temperatures 
(> lOO'C) 

5. The titratable acidity of the milk increases, and the pH (as measured 
at room temperature) decreases Examples are given in Figure 10 1, 
but there are large differences among lots of milk, and the changes 
may be influenced by other factors as well A mam source of acid 
produced is from lactose (see item 3 above), but several other re 
actions must contribute or counteract (e g , loss of CO 2 ) 

6. ^The solubility of most of the whey proteins decreases because of 

heat denaturation (Sections 6 1 and 10 2), and they become largely 
associated with the casein micelles This starts to become noticeable 
above 60°C The whey proteins differ m their sensitivity to heating, 
as is shown m Figure 10 2 
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11. Besides those mentioned under items 4, 6, and 9, numerous changes 
may occur in proteins, but usually at high temperatures (> lOO^C) 
These are discussed m Section 10 3 

12. Maillard reactions occur at any temperature but proceed much more 
rapidly at higher ones (See Section 10 4 ) 

13. Casein micelles may start to aggregate above 110°C Numerous re- 
actions are involved, and this is discussed m Section 13 5 

1 4. Some changes occur in the fat globule membrane (eg , its Cu content 
^"^ncreases — Section 5 3 4) The proteins of the membrane may undergo 

changes as indicated under items 6, 8, 9, 11, and 12, the lipids those 
under items 4 and 15 

. 15. Triglycerides may undergo some interestenfication according to the 
presence of di and monoglycendes, but only at very high temper- 
atures (e g , > 120°C) Some polar lipids undergo ehanges, too, but 
little is known about this 

16 . Lactones and methyl ketones are formed from the fat (See Section 
5 2 ) It happens over a wide range of temperatures, and degradation 
of said substances occurs as well, but in general, higher temperatures 
give more lactones (hence a more pronounced flavor) Several con- 
ditions affect these reactions 

17 . Some vitamins are partly degraded at high temperatures (See Sec- 
tion 19 6) 

Heat treatments may thus have numerous effects on properties of the 
milk, besides the change m keeping quality originating from lowering bac- 
terial counts and inactivating enzymes Some of the more important ones 
arc as follows 

a. The color at first becomes a little whiter (the cause is uncertain), then 
browner (from item 12 above) 

b The flavor changes, at first a "cooked" flavor develops, mainly from 
Item 9 above, then a much more intense, stcnlized milk flavor, from 
items 12 and 16, and numerous other reactions (Sec further Section 
18 3 ) 

c. The texture may change Viscosity may increase slightly from item 6 
above and much more from ;tcm 13 at high temperatures, particularly 
in concentrated milk Heat treatment b> steam injection may cause 
a "mealy mouthfeci " 

d Nutntional value may decrease somewhat, caused by items II, 12. 
and 17 above (See further Chapter 19 ) 

e The suitability of milk as a substrate for bactena (Section 1 1 6) may 
be much improsed. though this differs widely according to hc.aling 
intensity and species or strain of baetenum 
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The tendency for gelation to occur during storage (Section 13.4) and 
for heat coagulation during sterilizing (Section 13.5) may be diminished. 
Heat treatment may have several effects on the clotting of milk by 
rennet or acid. (See Section 13.3.5.) 

Creaming tendency of the milk may be much less, caused by item 7. 
(See Section 14.5.) 

The stability of the fat globules to coalescence may be somewhat 
diminished. (See Section 14.2.) 

^e rate of autoxidation of the fat in milk products may be much 
diminished. (See Section 5.6.) This is mainly because of the changes 
mentioned under items 9, 10. and 14 above. 

composition of the surface layers of the fat globules formed during 
homogenizat.on or recombination is much affected by the intensity 
Section by m^ans of item 6. (See 
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little other permanent change except for inactivation of some enzymes. Fla- 
vor is hardly influenced, whey proteins remain unchanged, and cold agglu- 
tination (hence rapid creaming) and bacteriostatic properties remain intact. 
But 15 s at 72°C is insufficient to suppress lipase action fully in homogenized 
milk. Consequently, a more intense heat treatment is often applied (e.g., 20 
s at 75°C). This causes, for instance, a perceptible change in flavor and 
impaired agglutinative power (of bacteria and of fat globules in the cold). 

High Pasteurization. In many countries this implies a heat treatment 
such that lactoperoxidase (EC 1.1 1. 1.7) is inactivated, for which 20 s at 85°C 
suffices; but higher temperatures, up to 100°C, are sometimes applied. Al- 
most all vegetative microorganisms are killed but not bacterial spores. Most 
enzymes are inactivated but not milk proteinase and some bacterial lipases 
and proteinases. Bacteriostatic systems are largely inactivated, and high 
pasteurization is applied commonly in the manufacture of fermented milk. 
Part of the whey proteins become less soluble. A cooked flavor arises. There 
are no significant changes in nutritive value. 

Sterilization. This is meant to kill all microorganisms, including spores. 
To that end 30 min at 1 lO'C (i.e., autoclaving), 30 s at 130°C, or 1 s at 145°C 
usually suffices, though it naturally depends on type and number of spores 
present. Flowthrough (hence short duration) sterilization is commonly called 
UHT (ultra-high-temperature) treatment. If the duration is only a few sec- 
onds it does not suffice to inactivate all enzymes, even at I50°C. Sterilization, 
particularly batch sterilization (e.g., 20 min at 1 15'C), causes severe chemical 
changes. Color and flavor are appreciably affected, and nutritive value is 
somewhat diminished. 

“Preheating.” This may mean almost anything from very mild to quite 
intense heating. Moreover, milk often is heated during other processes, as 
in evaporation. 

It should be realized that there may be a considerable spread in duration 
and temperature of heating among particles of milk. Also, the times needed 
for warming and cooling may not be negligible, particularly when the holding 
time is very short. Figure 10.3 gives some examples. Along with the heating 
the milk is usually agitated, and this may affect coalescence or disniption 
of fat globules and the extent of heat coagulation. During boiling and steam 
injection, agitation is usually quite vigorous. 

10.2 KINETICS 

The reactions that occur in milk arc accelerated to different extents by 
increasing the temperature. Many chemical reactions arc accelerated two- 
or three-fold by raising the temperature I0”C. On the other hand, the rate 
of denaturation of a globular protein may be increased one hundred-fold or 
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figure 10.3. Examples of the course of 
the temperature (T) of the milk as a function 
of lime (f) during various heat treatments: 
low pastcurizalioni — direct UHT heat- 
ing (i e.. steam injection followed by ewp- 
orative cooling); - - • indirect UlIT heating. 
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where k is the Boltzmann constant (1 38 x 10“^^ JK“'). h >s Planck’s 
constant (0 66 x 10"^^ J s), T is absolute temperature, and R is the gas 
constant (8 31 J K”’ mol"') AG* is the Gibbs free energy of activation for 
the reaction 
Remembenng that 

AG = AH - TAS 

where H is enthalpy and S is entropy, combination yields 
kT ( AH*\ (AS*\ 

Because changes in volume or pressure are usually negligible, we may put 
AH* equal to the activation energy Often it is tacitly assumed that AH* and 
AS* are independent of temperature Consequently, a plot of log(A*/7) versus 
1/r should give a straight line, the slope of which gives the activation energy 
For many reactions the activation entropy AS* is small, but this is not 
true for protein denaturation The reason is the large increase in confor- 
mational entropy occurring on unfolding of the peptide chain In first ap- 
proximation, AS* is proportional to molecular weight The same holds true 
for AH*, which is caused largely by the breaking of numerous fairly weak 
bonds (hydrophobic interactions, H bonds, internal salt bridges) Examples 
are given in Table 10 I The large activation energy causes a denaturation 
reaction to depend very closely on temperature, but it also would cause the 
reaction to be immeasurably slow if it were not largely compensated for by 
the positive activation entropy It turns out that most proteins show fairly 
rapid heat denaturation somewhere between 60-90°C 

The rate constant k* may depend on several other factors, such as pH, 
ionic strength, water activity, and redox potential Usually, both AH* and 
AS* vary, this implies that the temperature dependence of k* also changes 
with conditions Heat denaturation is usually slower if the pH is nearer the 
isoelectric pH of the protein Many enzymes arc protected from heat den- 


(10 4) 

(10 5) 


Table 10.1. AcBvaflon Enthalpy (<» energy) (AH*), Entropy (AS*), and 
Free Energy (AC*) In the Heat Denaturation of Some Proteins 


Protem 

Molecular 

Weight 

A//* 
kJmol ' 

tiS* 

J mol ‘ K-‘ 

^G* 

kJ mol*' 

Insulin 

5 800 

150 

100 

113 

Hemoglobin 

17,000 

316 

640 

103 

Ch> mosm 

31.000 

375 

870 

94 

Alk.almc Phosphatase 


450 

1,000 

108 

Lactopcroxidase 

82 000 

775 

I 950 

106 


Nofi* Appro'^imale data after \anoo* sources 
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aturation by the presence of substrate. Other protecting or nccclcrnting sub- 
stances may be present. Low water activity («.) usually strongly reduces 
denaturation rate. For example, the heat inactivation ofalkalinc phosphatase 
in skim milk at 8(rC roughly shows log L* = 5a, - 4. where A* is in s"*; 
this implies an almost 100,000-fold reduction in rate when going from milk 
to milk powder. 

Often, reaction kinetics is more complicated than stated above: 


I. The protein may be a mixture of different molecules, each with its 
own rate and temperature dependence of heat dcnaiiiralion. We may 
think of genetic variants of a certain protein, or of the isozymes of 
an enzyme, but also of a mixture hke the whey proteins of milk. 
Bactena of the same species often show a marked range in heat 
resistance. In all of these eases, plots of log r versus time arc curved 
u.e,, the slope, hence A*, diminishes with time). Moreover, plots of 
og versus T arc curved (i.c.. the apparent average activation 

energy increases with temperature). 

ture'^An^ntfJinl^^ entropy may not be independent of tempera* 
centration of like pH or the con- 

haps on daralion 

wilh'ils"own'charac?."-^'- '“"saao'ive rcaclions, each 
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(though not olircn2yracffn''S‘w ‘ 

heat denaturation. But not alt ‘''eracmeni with the theory for 

the rules. As an example the mrr changes in milk proteins follow 
determined from loss of solubiliiv at denaturation (as 
^lactoglobulin and a-lactalbumin -tr^ • ■^*?*^**'*^ P'^ocipal whey proteins, 
indeed fairly complicated For a 10.4. The situation is 

30 U- mol-' = 1 . 3 ) and AS* f ovc 90’C. W'c derive A//* « 

- 510 J.K-'.mol-, '“280kJ-moI~'and 

the reaction is second order with 
though first order with respeet to c"""'' 

'’^The heafdenaturaf The reaction rate also de- 
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Figure 10^. Reaction constant (Jt* for dena* 
furalion of /J*lactoglobulin ((.* in m^-kg“ '-s' ') 
and a-tactalbumin (A* in s" ‘) in milk at various 
temperatures. After R. L. J. Lyster, J. Dairy 
Res. 37 (1970):233. 


In practice we often do not determine k*, but rather the time t' needed 
to make a protein insoluble or an enzyme inactive. The l' naturally depends 
on the sensitivity of the assay method employed; it is often on the order of 
2% of the original concentration (hence k* would be something like 4/l'), 
but this may vary widely. We usually plot log l’ against T (in °C), and often 
a fairly straight line is obtained if the temperature range is not too wide. 
This relation (which also holds if the reaction is not first order) is, however, 
not precise; equation 10.5 predicts a slightly curved plot, but because of 
several small uncertainties a more rigorous way of plotting usually does not 
give a better fit between theory and results. On the other hand, linear ex- 
trapolation of a plot of log t' versus T usually is not justified. 

Examples of the temperature dependence of some reactions that may 
occur in milk on heating are given in Figure 10.5. Other examples of enzyme 
inactivation are in Figure 7.2. Most changes caused by denaturation are 
indeed strongly temperature dependent, but there are notable exceptions. 
Heat inactivation of milk proteinase, some bacterial lipases and proteinases, 
and, to a lesser extent, milk lipase depend much less closely on temperature 
(if in the presence of substrate). Consequently, it is questionable whether 
unfolding of the peptide chain is the cause of inactivation. The plots for 
whey proteins are markedly curved, which is partly because of the pecul- 
iarities shown in Figure 10.4 and partly the fact that a protein mixture is 
involved. (Sec Figure 10.2.) The development of a just perceptible cooked 
flavor in milk is given approximately by the curve for 10% insolubilization. 

Figure 10.5 also gives some changes not depending on heat denaturation, 
like browning and heat coagulation. These changes depend much less on 
temperature and are more like “ordinary" chemical reactions. Some ex- 
amples important for milk are in Table 10.2. It should be realized, however, 
that chemical changes in milk often involve many separate reactions, each 
with its own A//' and AS*, which may depend in different ways on envi- 
ronmental conditions; and it may therefore depend on conditions which 
reaction is rate determining. Consequently, an activation energy calculated 
from the temperature dependence of reaction rate is only an apparent, av- 
erage value. 
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Table 10.2. Approximate Examples of the Temperatore Dependence 
of Some Reactions 


Reaction 

Many chemical reactions 
Many enzyme^atalyzed reactions 
Hydrolysis, for example 
Autoxidation oflipids 
Maillard reactions (browning) 
Dephosphorylation of caseinate 

Heat coagulation of milk 
Degradation of ascorbic acid 

Heat denaturation of protein 
Typical enzyme inactivation 

loactivation of milk proteinase 

Killing vegetative bacteria 
Killing of spores 


Activation 

Energy* 

(U-mol'‘) 


80-130 

40-60 

60 

40-100 

100-180 

110-120 

150 

60-120 

200-600 

450 

75 

200-600 

250-330 


Qto al 
100“C 


2 . 0 - 3.0 

1 . 4 - I .7 

1.7 

1 . 4 - 2.5 

2 . 4 - 5.0 
2 , 6 - 2.8 

3.7 

1 . 7 - 2.8 

6 . 0 - 175.0 
50.0 

1.9 

6 . 0 - 175.0 

9 . 0 - 17.0 
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The chemical changes often will not follow first-order kinetics With re- 
actions that proceed only to a small fraction of completion, the difference 
between first- and higher-order kinetics with respect to time may be small 
But the rate of bimolecular reactions always will increase more steeply with 
concentration of the milk This is, for instance, prominent for browning 
(See Section 10 4 ) 

The great difference in temperature dependence provides the opportunity 
to kill many bactena or spores, or to inactivate many enzymes, without 
inducing severe chemical changes The way to do this is to heat at a high 
temperature for a very short time The UHT process was invented to sterilise 
milk without causing appreciable browning or cooked flavor The unexpected 
high heat resistance of some lipases and proteinases often puts a limit on 
this practice 

Finally, we briefly explain some often used parameters The temperature 
dependence of a reaction often is given as Q,o, defined as the factor by which 
dc/dl IS increased if the temperature is raised by 10°C Consequently, 

eio = ^^“103exp(l0^) (10 6) 


Qio depends on T, the more so when AH* is large For the killing of micro 
organisms, we often use decimal reduction time D, defined as the time needed 
to reduce c to 0 I Co For a first-order reaction, D = 2 31k*, and for a second- 
order reaction D - 9/coA* The sterilizing effect is defined as the number of 
decimal reductions obtained by a certain heat treatment, it equals log (co/c) 
The Z value jui the temperature rise (in K) needed to increase the reaction 
rate by a factor of 10 Consequently, 


Z = 


10 


log Qi. 


’ 2 3 


RV 

AH* 


(10 7) 


and It thus depends on temperature 


10.3. REACTIONS OF PROTEINS 

Heating of proteins in solution promotes certain reactions involving senne 
phosphate, thiol, disulfide, lysine, and amide side chains, and may also cause 
cleavage of some peptide bonds The side chains in caseins are readily 
available for hcat-induced reactions, and those of the globular whey proteins 
are made available by the uncoiling and unfolding resulting from denatura. 
tion (See Section 10 2) The peptide bonds of the polypeptide chain are 
pnmanly in iraiis configuration, but some isomcnzation to the less stable 
cit structure is possible if the peptide chain is unfolded Prolinc residues arc 
an cxccplion in that the as and irons configurations ha\c comparable sta- 
bility, and isomcnz.ation is thus much more likely to persist Such isomer- 
ization possibly mas inllucnce rates of reactions that occur m the prolcm 
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and prevent return to the native (undenalurcd) state after cooling again. Data 
on the various reactions arc somewhat fragmentary; it is not possible as yet 
to compare them all on the basis of fundamental parameters such as energy 
of activation. The following descriptions present results that have been ob* 
served in experiments in which milk or milk proteins were healed under 
specific conditions of time and temperature. 

Healing milk at HO’C for 30 min (c.g.. to sterilize it) may increase pro- 
teose-peptone nitrogen (PPN) from 4.7% to 6.0% of total nitrogen. The 
proteose-peptone fraction of unsterilized milk consists of proteolytic frag- 
ments of ^casein and fat globule membrane protein (Section 6.4.7), which 
are not precipitated at pH 4.6 from a sample of milk that has been boiled. 

prrap'taled from a pH 4.6 filiraic by adding 120 g Na.-SO, per 
liter. The additional proteose-peptone components produced by sterilizing 
V"!' cleavage of peptide bonds, but 

elucwlte^d "" ''’"'''y "’P pcpiidcs has been 

idation of glutamine and ^ release of ammonia by dcam* 

2. Table 10 3) There is no groups of the proteins (reactions 1 and 

heating easettI^:f:,;:;3;tiT«^^^ ‘’“I 

of NPN nearly eauivalent lA ^ releases an amount 

used for pasteurization and probaWrUHTri***^'^^ protcin. Heal treatments 

in PPN or NPN. P^oably UHT do not cause delectable increases 

Heat treatment cleaves oho^ntm* r 

seins;iempcraturesof I 0 a- 140 »rfnr.-"°”’ P^osphoscrinc groups of the ca- 

this effect in skim milk or in caseinmT?ori'° ' effective in producing 
phosphate cleavage of casein in,., ^ solutions. The rate of hcat-induccd 

to 7.0, The energy of activation somewhat as pH is raised from 6.0 
117 kj-mol-i for sodium caseinate and 

seinatc or casein in milk. Treatim-m hj'niol “ ' for calcium ca- 

the casein-bound phosphate of skinf -of ^ *^Pr 1 h cleaves about 80ff of 
oaseinate solutions. Two possible 2.11 'hat in sodium 

yielding senne residues (reaction 3 » of cleavage are hydrolysis, 

droalanme (reaction 4). /Tcliminalion 2'* ?''hmination, producing dehy- 
'li' “. 0.1 A( NaOH at StPf'f'S'"''' °““rs in alkaline solution 

predominate at low pH. Whether one?. "““W he expected to 

for 1" .^o'otions pr milk at pH 6 6 coiilH 2*!i ^^octions occur upon heating 
havr^cTbl"" ate Si = easily by analyzing 

There is^^" aiade. eg, but apparently such analyses 

K-^scin2^2°*'‘'''^®'P“0^ared2cdr1'“^"''"'‘^.‘*‘^‘‘’ residues and pos- 
a ed in solution at sterilization ^.casein at high temperatures. 

" temperatures slowly loses its abil- 
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Table 1 0.3. Possible Reactions of Side-Chain Residues of Proteins at 
High Temperature 


1-CHj— CONH- + H,0 

— ► 

l-CHi— COOH + NH 3 

Asparagine 


Aspartic acid 

HCHjIa— CONH; -hH.O 

— *• 

HCHj)^COOH + NHj 

Glutamine 


Glutamic acid 

h-CHr-O— P05 -r H 2 O 


|— CH.— OH + HPO 3 

Phosphosenne 


Senne 

l-CHi— 0 — PO 3 

— »■ 

HCH 2 - 1 - HP 05 

Phosphosenne 


Dehydroalanine 

SH + OH 

Cysteine 

— *■ 

I-CH 2 — S + H 2 O 

t-CHr-S. 

^s-chH 


l-CH— S 

— »• 

s-chh 

hCH^S 


I-CH 2 — 5 / 

l-CHi— S + S-CH,— 1 


HCH;— S— S-CH :— 1 

Cysteine 


Cystine 

hCHf-S- 

— * 

f=CH 2 + HS 

Cysteine 


Dehydroalanine 

(=CHj + HS— CHH 

— ► 

h-CH — S— CHH 

Lanthionine 

HCHjb— NHj* S- H-C=| 

— * 

HCHiIr-NH— CHH + HjO 

+ OH- 
Lysine 


Lysinoilanrne 

HCH,)f-NHf + O 2 C— CHH 

— > 

HCHOr— NH-CO-CHH 

Lysine Aspartic acid 


+ HaO 

e N (/3 aspartyDIysine 

: HCH,)j— NHj* + OCHCHOH 

— *• 

HCH.),— NH— CO— (CH,)H 

Lysine Glutamic acid 


+ H 0 

€ N (y-glutamyDlysine 


ily to stabilize the other caseins against Ca-* ions In a broad, sense, ic- 
cascin appears to be more heat sensitive than ^casein 

The thiol (or sulfhydryl) groups of cysteine residues in proteins arc weakly 
acidic (.pK = 9 5 at 25°C) and probably ionize to greater extents at the pH 
of milk as the temperature is raised Thiols can participate in several reac- 
tions. as indicated in Table 10 3 Uncombined thiols arc present in native 
/3-lacioglobulin, senim albumin and fat globule membrane proteins and di. 
sulfides m these, and also m a laclalbumin and immunoglobulins k casein 
has two Cys residues per mole probably in disulfide linkage, the same holds 
true for a,-casein In ^hctoglobulm there is some evidence of an cquilib 
num between disulfides Cys 106-C>s 1 19. Cys 106-Cjs 121. and thiols Cys 
119 and Cys 121 Upon healing .at temperatures .above 60’C thiols .ire ex- 
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posed by unfolding of the protein and become available for reaction with 
various reagents. Such reactive IhioK have sometimes been called free 
sulfhydr>’l groups. Their liberation has been studied much as an index of the 
denaturation process. 

If the heating is done in the presence of air, some of the liberated thiols 
are oxidized to disulfides. Loss of thiol and gain of disulfide groups increase 
progressively as temperatures of 20'min heal treatments arc increased from 


60 C to 125®C. As pointed out in Section 7.3,1. milk contains a sulfhjdr)! 
oxidase capable of oxidizing thiols to disulfides; the possibility has not been 
investigated that this enzyme catalyzes formation of disulfide in milk during 
heating before it Is itself denatured. Cysteine residues can be oxidized further 
than disulfides through various stages to cystcic acid (-SOjH) groups. It is 
not known whether oxidation beyond the disulfide stage occurs on heating 
milk proteins. Disulfide formation can be either inlra- or intcrmolccular. the 
® polymerization. Polymerization also can result from 
**• in /S-bcIn- 

svstem, ennt,' ^ ^ ™Polymcri7jiion of binary ami lerliary 

"•'^cblbumin. and K-ca*ein. Hcal-dc- 

When^milk b h “ared'^bo«To’c“i'bci?rrr'^ 
caseins and fhn^ ° ^ ^'^cit^f'obulin reacts with k- and a^r 

nonmic’elbr casein if "■>11' Ibe casein micelles or partly wilh 

room temp;™" heatinf is above 6,6 (as measured at 

and it is virtually absent abovrpHTo“‘'r°"i^'°"’'''’'"®'''”''''''^’'“d 

immunoglobulins also hem™ “■l‘■"^•■■>bumln. scrum albumin, and 

If the casei^ ^rheVred '^cc Chap.er 13.) 

pH. the heat denalurable whev mm ^ '"'bnee, al the isocicctnc 

observation has been applied mcluded in the precipitate. This 
treatment of milk. When whev is to estimate the extent of heat 

gregatc to some extent but nm s' tl'onturcd whey proteins ag- 

^tability at first deerSesto reach- ■ 

17.7.) “ "Ummum near pH 4.5. (Sec also Section 

idues occurs uponeaUn''E°(rea«iOT sT' h''°^ ‘‘'I'>'‘It°o)nninc res- 
a pH 6.9 for 80 min at 97’c for „ *’ a /)-Iactoglobulin solution 

.alanine per mole of protein coniv T’’'' '’™‘I“00s about 0.15 mol dchy- 

“f httlf of the Cys may Kem !" f *'’= residues; 

time and temperature. There is some I 1°" PH S * for the same 

VotineTulfidt"t ‘’"""'I'- 

origin^'" '■““Snize'd as°?c's"Sb”e? "''on milk is healed have 

mentarilv'in'^ai?^* Possibly B-lacloel ttts'ducs of fal globule 

(0 005 m Iben aspiraiino f ^ °buhn. Healing skim milk mo- 

(0.005 mmol) of volatile sulfur^yS ^''voses about 0.16 mS 

• cream gives much higher 
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quantities (e g , > 1 mg-hter"' for 25% fat cream) Milk contains 3 2 g (0 18 
mmol) of /3-lactogIobuIin per liter (Table 6 3), and the quantity of Cys res- 
idues in the fat globule membrane proteins is smaller Thus, the volatile 
sulfur released under these conditions is but a small part of the total thiol 
and disulfide of the protein 

Potentially, thiols react with dehydroalamne residues to form lanthionine 
cross-links (reaction 9), but analyses to date indicate only very small amounts 
of lanthionine in 1% ^lactoglobulin solution heated at pH 6 9 for 80 min at 
97°C However, heating "dry” casein for 27 h at 115°C and “dry” lactal- 
bumin for 54 h at 115°C resulted in the formation of 2 7 and 12 0 mg lan- 
thionine per gram of protein, respectively 

The e-amino group of lysyl residues of proteins participates in the Maillard 
reaction with carbonyls (Section 10 4) and also can react with dehydroalamne 
and carboxyl side chains to form cross-links (reactions 10, 1 1 , and 12) These 
latter reactions occur only under rather drastic conditions of heating The 
isopeptides, 6-N(/3-aspartyl)lysme and e-N(-y-glutamyl)lysine, have been de- 
tected in “dry” casein or lactalbumin heated at 1 12°C but not in milk prod- 
ucts Lysinoalanine is formed particularly dunng healing under alkaline con- 
ditions It may amount to 100-500 mg per kilogram of protein of stenlized 
whole or evaporated pasteunzed or UHT milk, and in some milk protein 
preparations (particularly casemates) and derived products higher quantities 
have been found This has caused some concern, because high doses of 
lysinoalanine are toxic to rats under some conditions It is, however, ex- 
tremely unlikely that comparable quantities are to any extent toxic to humans 


10.4 BROWNING REACTIONS 

Nonenzymatic browning of food products results from degradation of sugars 
and interactions of the degradation products Heat-induced browning re- 
actions of sugars in the absence of amino compounds are generally called 
caramelization They involve enolizations and dehydrations catalyzed by 
acids or bases A second type of reaction leading to browning occurs when 
ammo compounds as well as sugars are present These arc called sugar-amine 
or Maillard reactions Ammo acids, peptides, or proteins condense with the 
sugar and act as their own catalysts for cnolization and dehydration The 
degradation of the sugar follows much the same course as m caramelization, 
but the reactions occur under milder heat treatments and at pH near neu- 
trality The Maillard reaction pathway is the important one in milk and dairy 
products 


1 0.4.1 . Chemistry of Maillard Reactions 

The pnmary reaction in Mailhrd browning is condensation of an ammo 
compound with the carbonyl group of a sugar in the open-chain form, pre- 
sumably to form a Schiff base although such a compound is nol isolalablc 
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An Amadori rearrangement occurs with the formation of a N*substitutcd I- 
amino-l-deoxy-2-kctosc, which can be isolated and identified. These com- 
pounds are colorless and do not absorb light in the near ultraviolet. The I- 
amino-I-deoxy-2-ketose enolizes to cither a 1,2'Cncaminol or a 2,3-cncdiol; 
a pathway of degradation stems from each of them. The former gives rise 
to 5-hydroxymethyl-furfural (HMF) and the latter to a methyl a-dicarbonyl 
intermediate, which, with various rearrangements, can lead to maltol, C- 
methyl reductones and a-dicarbonyls such as 2-oxo-propanal (also desig- 
nated methylglyoxal or pyruvaldehyde). acctol, diacctyl, and hydroxydi- 
acetyl. A third pathway arises from the so-called Strcckcr degradation, which 
involves reaction of a dicarbonyl compound with an amino acid to yield an 
aldehyde containing one less C than the amino acid. CO». and pyrazincs. 
Figures 10 6 and 10.7 give a summary of these reactions. ’ 

Some of the compounds formed by the Maillard reactions arc reductones 
a carbonyl function. This is the same 
erful rediteian^c'^'”'^^ naturally in L-ascorbic acid; such compounds arc pow- 
pounds with amin^cT' *^caction of some of the carbonyl corn- 

compounds of variahil^ f ° called piclanoidins. These are brown 

erocVclic rine s ~ whirh ^ They have unsaturalcd het- 

their^fluorescence sIIip of ultraviolet light and 

maltol, are somewhat voiaft of the Maillard reactions, such as 

pfSTucts. (S« Section ?R ““>"~""'"'’“!li££asmdizedJlaVDr in healed 
products are strongly (covalemM 
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Figure 10.7. Pathway of Strecker degradation. 


1 0,4.2. Browning Reactions in Miik and Dairy Products 

In milk the principal potential Maillard reactants are lactose and the lysine 
residues of the proteins. Whey freed of protein by heating at 80°C and pH 
5,5 browns only slightly on subsequent heating at 120°C and pH 5 . 5 - 1 . 5 . 
(See Figure 10.8.) Lactose-free skim milk, prepared by first removing solutes 
of low molecular weight by gel filtration and then adding back a salt mixture, 
does not brown upon heating. Its failure to do so cannot be attributed solely 
to lack of lactose, however, because certain other solutes (e.g., monosac- 
charides, ascorbate, urea, and sugar phosphates) also are missing. Thus, the 
possibility of participation of some highly active reactants present in low 
concentrations has not been excluded rigorously. Both whey and skim milk 
are browned by intense heat treatments. 

Manifestations of the browning reactions that affect the utility of dairy 
products, or that are useful in monitoring the course of the reactions, are 
production of compounds, brown color, fluorescence, off-flavor, increase in 
reducing power measured at pH 6.5 or below, and decrease in available 
lysine. 

Many compounds have been isolated and identified from extracts of “dry” 
systems of milk proteins and lactose and dry milk and dry whey incubated 



Flsurc 10.8. The brown color inlensity W, arbi- 
trary units) deseloped in sarious min. fractions at 
different pit as a result of heating at I2(rc for 20 
min. After S. Patton. J. Ottiry Sci. 35 19521-2053. 
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at pH 6-7 and water activity of 0.75-0.80. Most of these compounds could 
have originated from the reactions of the Maillard and Strcckcr pathways 
and subsequent interactions. Prominent among them arc 5*hydroxymcthyl- 
furfural, furfuryl alcohoU-furfural, mallol. acclol, 2*oxo-propanal. acetal* 
dehyde, and formic, acetic, propionic, butyric, and lactic acids. 

5-hydroxymethyl-furfural is measured conveniently by a colorimetric re- 
action and has been used considerably for monitoring the course of its re- 
action sequence. Maltol and some of the other compounds contribute to the 
flavor of dairy products. 

Brown color is undesirable in most dairy products, except that some users 
pr^er concentrated milk used in coffee to have a light tan color. The intensity 
of brownness can be assessed by measurements of reflectance of the product 
(Figure 1 1.3) or by absorbance of a tryptic digest. Some of the compounds 
formed absorb ultraviolet light and emit fluorescence in the blue and yellow 
regions of the spect^m. These compounds are extractable by ether and thus 
of nboflavin. the prominent water-soluble fluorophor 

the^comM*iind!V"'^^H^^ before actual browning is delectable. Thus, 
mosuXst colorless stages of the reactions arc of 

Section 18.3.2 ^pounds and their flavor properties arc described in 

ufacture and storage of drv "actions clunng man- 

capacity at pH 5 6^0f nro^ri^ Pft^ucls. Determination of the reducing 
corbate^s a reductanrThl" ST" 
substance (protein-AFRS) is a sen.1.1™ 

sequence. sitive measure of the extent of the Maillard 

digestible by humans 3°an'imairanT° compounds are not 

renders lysine unavailable The I • '“""foao'ly the Maillard reaction 
this cause is not serious in most mm" '’alue of the protein from 

tiates or storage of dried products a. . Drastic heating of concen- 

are required to impair the avanaK;i:i high humidities 

The rates at which the several 

occur m dairy products are hichlv *he Maillard reactions 

water activity. The effect of oH on PH. lime, temperature, and 

"? 10.8. Because acid illustrated for skim milk and 

-li self-inhibiting to a reactions (see Figure 

The interaction of time and .! 

'^.*i^Picted m Figure 10 9 r” Promoting the browning re- 

mcrease m concentration of solidj^n ^ increases w-ith 
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Figure 10 9 The brown color intensity (B ar 
bitrary units) developed in evaporated milk dunng 
storage at various temperatures After S Patton 
J Dairy Set 35 1952) 1053 


ammo compounds than drsacchandes Thus, a lactase treatment to hydrolyze 
lactose increases the susceptibility of products to the browning reactions 


10.5. FOULING 

Fouling, or the deposition of a layer of milk components on a surface, often 
occurs It causes problems in cleaning because the deposited layer usually 
cannot be removed by simple nnsing with water A simple case of fouling 
is the drying up of a film of (diluted) milk left on a surface But there are 
other more specific cases of fouling by milk and milk products, which also 
cause specific problems 

1 Fouling may occur on the metal surface of a heat exchanger This 
causes the heat transfer through the surface to dimmish and the re 
sistance to flow of the milk through the heat exchanger to increase 
Eventually, the apparatus ceases to function 

2. During ultrafiltration and reverse osmosis of milk products (Section 
17 6) a layer is deposited on the membrane (at the pressurized side) 
that causes a considerable reduction m the flux through the membrane 

3. Dunng heating of milk m an open vat a skin is formed at the air-water 
interface This is a nuisance because the skin is insoluble 

The following discussion deals with some general aspects of fouling, fol 
lowed by a more detailed consideration of problem 1 above 

Fouling always starts with adsorption (See also Section 12 12) Milk and 
Its denvativcs contain many surface-active substances, for instance, polar 
hpids and proteins The adsorption will depend on the nature of the surface 
and the eomposition of the product, but in practice it is almost always protein 
that adsorbs (even if the product is an ultrafiltration permeate, which still 
contains some low molecular weight peptides) Proteins adsorb at hydro- 
phobic surfaces (c g , most pkastics air) by hydrophobic bonding, usually 
the protein molecules change their conformation on adsorption At hydro- 
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philic surfaces (glass and most metals, if clean), electrostatic bonds arc 
involved, and the presence of divalent cations (Ca-* , may increase 

the bond strength greatly. The scrum proteins arc usually the ones adsorbed. 
Casein micelles (or the paracasein micelles formed by renneting) are not 
adsorbed onto hydrophobic and some metallic surfaces (c.g., copper). TTiey 
are adsorbed onto hydrophilic surfaces; consequently, the gel formed after 
renneting or souring of milk sticks to the surface; this happens with (clean) 
glass or with stainless steel rinsed with alkaline liquids. Giving the metal 
surface a small electrostatic charge sufliccs to prevent adsorption of casein 
micelles, though not of globular proteins. Some bacteria can stick to a variety 
of surfaces by means of their glycocallx, which consists of polysaccharide 
chains that protrude from the cell wall and have end groups that bind to 
vanous surfaces. 


•'““''"S- Adsorption occurs because it 
=""ey and is thus restricted to a monomoiccular 
ocers oTlnH. * “■’“n’tion always occurs, and fouling 

the surface and conditions. But adsorption causes a change of 

the case of memhm s“cfocc any further deposition occurs. In 
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occurring specifiSlly‘ol?'Lsterauhrsurf“’’'^^^^ 

tion of a solute may It higher near^L ooncentra- 
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and near the milk-air interface he?*^ caused by the local solvent flow) 
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suffic' observed, and this induction period 
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pend on the rate of How alnn '^‘^”^®atration and local tern- 
^ the surface, hence on total flow 
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rate and turbulence. These variables thus may strongly affect fouling rate, 
the rate decreasing with increasing flow rate. 

The deposits forming on a heated surface are usually classified into two 
types. Type A occurs typically at moderate temperatures (say 85°C); it con- 
tains, for instance, 30-35% “ash” and 50-60% protein in the dry matter, as 
well as a little fat; it looks soft, voluminous, and curdlike, and it has a creamy 
color. Type B occurs typically at higher temperatures (say > 100°C); it 
contains more than 70% “ash” in the dry matter (mostly tricalcium phos- 
phate), as well as protein and a little fat; it looks compact, gritty, and grayish, 
and it is also called milk stone or, more generally, scale. The deposit on the 
membrane when whey is ultrafiltered is comparable to type B in composition. 
At high temperatures scale also may be deposited on a nonheated (though 
usually not on a cooled) surface; in accordance with this observation its rate 
offormation depends little on flow rate. Also, if hardly any protein is present 
(e.g., when heating an ultrafillration permeate) a scale is deposited, but it is 
removed easily by rinsing with weak acids. At higher pH, more milk stone 
usually is formed, presumably because of the decreased solubility of calcium 
phosphate. 

In the formation of a type A deposit, reactions of the proteins, particularly 
interchanges of thiol groups and -S-S- linkages, are involved. Rapid oxi- 
dation of thiol groups by KIOj markedly diminishes fouling. Heating at such 
a high temperature that the whey proteins are rapidly denatured causes less 
fouling of this type (but more of type B). Nevertheless, whey protein den- 
aluration at the heated surface is not the only or even the main mechanism. 
The temperature dependence of fouling is far smaller than that of heat den- 
aturation; this may be caused by the fact that at higher temperatures the 
denaturation reactions take place in the bulk rather than at the surface. But 
a solution devoid of whey protein, such as sodium caseinate in ullrafiltration 
permeate, also shows fouling, albeit at a slower rate than skim milk or whey. 
Ca-^ ions are essential, and an increase in their activity strongly increases 
fouling rate. Whey that has been freed of Ca shows no fouling. Normal 
deposits are rich in calcium phosphate, and it may well be that linkages such 
as those in casein micelles arc involved. The fouling mechanism clearly is 
intricate there may be some similarity with heat co,agulation. (Sec Section 
13.5.) 

Besides heating temperature, temperature difference between heating sur- 
face and milk, and flow conditions (all of which affect local temperature), 
several factors influence fouling rate, but little quantitative information can 
be given; 

1, The lower the pH. the more fouling. Milk turned slightly sour by 
bacterial action (say, to pH 6.4) shows copious fouling. 

2. There arc large differences among lots of milk, for instance, with 
season. Several variables may be involved: pH. content of phospho- 
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lipids (they tend to decrease fouling), content of free fatty acids (capric 
acid tends to diminish, stearic acid to increase fouling); Ca*"* activity 
and possibly phosphate content (more phosphate giving less deposit, 
but one that is more difficult to remove), and perhaps concentration 
of thiol groups. 

3. Cold storage of milk (up to 20 h) reduces the deposit. The explanation 
is not clear. 

4. Preheating the milk to such an intensity that whey proteins arc de- 
natured reduces (but does not eliminate) type A fouling. Preheating 
reduces fouling in ultrafiliration of whey, presumably because of the 
resulting decrease in dissolved calcium phosphate. 

5. Concentrated milk shows much quicker fouling than plain milk, as is 
to be expected. 

6. The formation of air bubbles at the heated surface markedly increases 

ou mg. t may be that surface denaluration of proteins is involved, 
cause is a higher surface temperature 
near the bubbles. Degassing of milk diminishes fouling. 
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J Adrian, World Ret Niitr Diet 19 (1974) 71 

A now somewhat outdated review on Maillard reactions m milk is 

S Patton, J Dair, Sci 38 (1955) 457 

A review on deposit formation from milk in heat exchangers is by 

H Burton, J Dairy Res 35 (1968) 317-30 

Several aspects of fouling are discussed in the proceedings of a conference 
on 

“Fundamentals and Applicatton of Surface Phenomena Associated with Fouling and Cleaning 
in Food Processing,” University of Lund, Sweden, J981 
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ll.t. DENSITY 
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where is the mass fraction of component x, and p, its apparent density 
m the mixture usually is not the density of the pure substance, because 
a change in volume (usually contraction) occurs when two components are 
mixed Taking arbitrarily for pS>.„ the density of pure water (i e 998 2 
kg m-3), we find for p^" of fat about 918, for protein about 1400, for lactose 
about 1780 and for the residual components of milk about 1850 kg m With 
these data p^” of milk products can be calculated, some data are in the 

appendix (See Table A 22 ) u . 

The density of milk is rather vanable (for the most part p^ is between 
1027 and 1033 kg m“^), and the mam cause is vanation in fat content (i«r) 

On average, the density of skim milk, milk, and cream (m kg m-^) is given 

by 

*°°° ( 112 ) 

^ 0 123 /Mf + 0 9665 

The density of milk products concentrated by removing water can be cal- 
culated by a combination of Equation 11 I for the initial and the concentrated 
product Some rearrangement leads to 

l = + (113) 

Pc Po P» 

where R is the concentration factor (ratio of dry matter content in the con- 
centrated milk to that in the unconcentrated milk) and subsenpts o, c, and 
w denote initial milk, concentrated milk, and water, respectively 

The density of milk decreases with increasing temperature (appendix. 
Table A 22) mainly because water expands Specific gravity is nearly con- 
stant a small decrease with increasing temperature is caused by the expan- 
sion of fat being larger than that of water and the contraction on mixing of 
the other solids with water slightly decreasing Part of the fat solidifies on 
cooling, and this causes a further increase m density The contraction of 
milk fat for complete solidification is about 70 cm’ kg"', but only a small 
part solidifies at room temperature (Sec Section 5 7 ) Moreover, this dc- 
pends on temperature history, considerable supercooling can occur Liquid 
milk fat ai 20”C will have a density of about 915 kg m"’, and if crystallization 
cquihbnum at that temperature is reached, pr” will equal about 928 kg m"’ 
Most density measurements arc made directly after the milk has been pre- 
warmed to qO-^S'C and cooled again to 20”C, so the fat is still almost fully 
liquid during testing, hence r” - 915 flTic value of 918 taken .abov e for the 
apparent density takes into account the higher density of the milk fat globule 
membrane ) The differences caused by temperature history may become 
appreciable, p irlicutarly for cream A lOn fat cream has. for example, pr” 
~ 1009 kg rn" ’ if measured vv ith the fat in supercooled stale, but if the cream 
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has been kept for some hours at 4*0 and subsequently warmed to 20®C, we 
would find fr° 1019 kg-m”^. 

A further complication is inclusion of air, which may readily happen in 
viscous products. It considerably lowers density, and density also becomes 
appreciably dependent on pressure. 


11.2, OPTICAL PROPERTIES 

The refractive index (common symbol n) of a transparent medium is usually 
defined as the ratio of the velocity of light in air to that in the medium (or 
the ratio of the wavelength of light in air to that in the medium). The refractive 
index IS characteristic for a particular material, but it also depends closely 
on temperature (and pressure) and on the wavelength of the light (A); usually, 
"l’*' •< ‘S oflen measured at A = 589.3 nm (i.e., ■ 
and nresJH ^ denoted as «if. The dependence on temperature 

usually almost constant for any wavelength. 

of ntilk (nif = 1.338) is determined by that of water 
quarter waveL«h rlJ”°'r^ than about a 

implies particles create, u" solution) do not contribute to n: this 
fat globules, air bubbles or^lactosrcJi'iTi"'^ 

But casein micelles do, even those ' 

because they are inhomogeneous inf a 
The difference in refractive "’’“'P '’'’“t'laO'- 

An, is proportional to the vni ^ ^^^iween pure solvent and a solution, 
caused by variouTslte arfa"" of solute. The differences 

the solution PProximately additive, and we thus have for 

"(solution) - ntsolvent) = = y (11.4) 

where p is density of the solution • P 2, r t ' 

its specific refraction incremeni Th”* fraction of a solute, and r is 

independent of concentration amt ^ solute is usually fairly 

resulting when mixing solute and volume contraction 

r depends on the solvent and somfwl! ** *”^^tided in r, which implies that 
water at A = 589.3 nm and 20"C 

Casein micelles, 0.207 (exnres««^ 

Serum proteins, 0,187 6ram of dry casein) 

Lactose, 0.140 

0 .™ 

P^duets can be calculated, 
aporation, An/p increases proper- 
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tionally with the concentration factor (R) as long as no crystallization ol 
lactose occurs, the effect on n of an increase in colloidal calcium phosphate 
appears to be very small Refractive index can be determined easily, rapidly, 
and with considerable accuracy (~ 10“'’ or better), so it is often a useful 
parameter to check changes in composition 

Lig/it scattering is caused by partieles of larger than molecular dimensions 
whose refractive index differs from that of the surrounding medium In milk 
the fat globules and the casein micelles are primarily responsible, scattering 
by serum protein molecules and by somatic cells is almost negligible because 
of their small size and low concentration, respectively 

The particles scatter the incident light into every direction (See Figure 
11 1 ) We can measure the scattered intensity at some angle from the incident 
beam (e g , 90°), and such measurements often are made on suspensions of 
particles much smaller than the wavelength (A), the intensity then is about 
proportional to the square of the particle volume, the square of the difference 
in refractive index, and A“'‘ Another measurement is that of turbidity (i e , 
the attenuation of the incident beam caused by scattering), usually expressed 
as absorbance or optical density The turbidity is affected by the same 
vanables, but because the technique is used for larger particles the relations 
are more complicated 

Fat globules are fairly large spherical particles, and if their concentration 
IS low enough turbidity can be derived fairly easily from theory For visible 
light the absorbancy A is approximately given by 

A=05Td.Q (115) 

where tp is the fat volume fraction and / is the optical path length The 
specific turbidity t is a function of <//A (where d is globule diameter) and is 
shown in Figure 112 To some extent this is an oversimplification The 
turbidity depends somewhat on the instrumental setup The refractive index 
difference between globule and plasma (— 0 12-0 14) affects turbidity and 
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Figure 11,1. Ught Acnltcnng measuremenls Dctcclor A measures Acailcred light 
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about 0.05 cm"' (i.e., for an optical path length of 1 cm the absorbance is 
0.05). Part of the absorbed energy is emitted as fluorescent light, A = 0.53 
pm. Milk fat contains carotenoids, primarily /^carotene, which is responsible 
for its yellow color. Maximum absorbance is near A = 0.46 pm, specific 
extinction (e.g., 3 cm"') but widely variable. 

In the ultraviolet, the aromatic rings of the proteins (in tyrosine and 
tryptophan residues) strongly absorb near A = 0.28 pm, and double bonds 
of the fat absorb very strongly near A = 0.22 pm. In the infrared, numerous 
strong water absorption bands occur for A >1.2 pm (except near A - 1.7 
pm) making milk very opaque to this radiation. Some other strong bands 
are CH^ near 3.45 pm (mainly lipids); aliphatic ester bonds near 5.70 pm 
(mainly lipids); peptide bonds near 6.50 pm (mainly proteins), undissociated 
COOH groups near 5.90 pm, and OH groups near 3.50 and 9.60 pm (mainly 
lactose), but there are numerous others. These absorptions can be used to 
estimate the contents of the major components of milk. .... 

A diffuse reflection spectrum of milk is shown in Figure 1 1 .3. It is obtained 
by measuring light scattered in various directions from a surface, excluding 
the direction of truly reflected incident light (mirror reflection); a purely 
white surface is taken as a reference (100%). The results (in particular the 
overall level of the curves) closely depend on the experimental arrangement. 
The diffuse reflection of a liquid like milk results from multiple scattering 
by the particles in a surface layer of a certain thickness (often some milli- 
meters) The optical path in the milk may be considerable, at least for part 
of the light, and some light can thus be absorbed. This is seen in Figure 
11.3, where the minimum in the reflection curve near A = 0 46 pm is caused 
by absorption, particularly in the ^-carotene in the fat. It gives 'Js 
creamy color Compare also the reflection by milk and by skim milk in Table 
11 1 Skim milk scatters less light because it has fewer particles, but at short 
wavelength its reflection is higher than that of milk because of the absence 
of absorption by ^-carotene. Moreover, the casein micelles scatter blue light 
(short wavelength) more effectively than red, hence the bluish color of skim 
milk The riboflavin in skim milk also causes a little absorption near A = 


volet blue yellow 



ngure 1 13. Examples of diffuse reflection (%) of homog- 
enized milk as a function of wavelength, (a) Unhealed; (b) 
heated for30 sat I30®C;(c) heated for 40 min at 115®C. After 
H. Radema, Netherlands Institute for Dairy Research 
(unpublished). 
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Table 1 1.1. Diffuse Reflection by and Tenetration of Light Into Milk 
Products 


Parameter 

Measured 

Wavelength 

(nm) 

Sktm 

Milk 

Whole 

Milk 

Homogenized 

Milk 

Diffuse reflection {%) 

450 

48 

43 

52 


550 

49 

53 

63 


750 

32 

46 

58 

Penetration (mm) 

to 10% intensity 

440 

5 

3 

2 

to' 1% intensity 

580 

14 

8 

5 

440 

13 

7 

6 


580 

36 

24 

18 

Note: Approximate examples from various sources. 
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The acidity of a solution results from the ionization of groups that can 
split off or bind protons (H+ ions). Properties of ions and aspects of ioni- 
zation are discussed in Section 4.2.1. Consider an acid HA that is in equi- 
librium with H+ -I- A"; repeating Equation 4.8, we have for the ionization 

[im] ■ ‘" ® 

where [ ] means molar concentration, pK = ~ logKa, and is the disso- 
ciation constant. If pH « pK, the acid group is undissociated, if pH » 
pK it is dissociated (ionized). More precisely, if pH = pK the group is 50% 
ionized; if pH - pif = ± 1. ionization is 50 ± 41% complete. An acid is 
said to be strong if its pJC is low (its K. large). To be sure, in equation 11.6 
activities rather than concentrations should be used; only for zero ionic 
strength is ion concentration equal to ion activity. For the ionic strength of 
milk and for a monoprotic acid, the stoichiometric p/f (i.e., the pH of equal 
concentrations of A' and HA) is about 0. 1 higher than the intrinsic pK that 
is given in reference books. Basic groups, like — NHj, can be treated in the 
same way; at pH below pK the group is ionized to -NH 3 + and is thus an 
acid (it can donate protons), at pH >> p^ it is not ionized. A ba§e is said 
to be strong if its pK is high (its small). 

Milk contains many acidic and basic groups. This is reflected in a titration 
curve as given in Figure 11.4; milk is titrated with respect to pH by either 
a strong acid or a strong base (i.e., an acid or base that is fully dissociated 
over the pH range considered). Because of the presence of acidic and basic 
groups the pH changes much less than when titrating water; these groups 



nsurc I Example' of litration cur\e' (m\f l!CI or NaOH needed to obtain n certain pH) 
of milk and of sweet whe> and ulirafiltrate made from that milk: the same results also expressed 
n butrer inJcx J/I’J pH I'" n"""' '' 
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have a buffering action. The buffering capacity of a solution can be expressed 
in the buffer index, which is the molar quantity of acid or base needed to 
change the pH by one unit; It is thus the derivative of the titration curve. 
The buffer index of an ionizable group is given by 


dB/dpH«2.3c^:.— (11.7) 

{K^ + an*y 


where C is the total (dissociated plus associated) molar concentration of the 
group. Again, it concerns intrinsic constants, but equation 11.7 also holds 
for monoprotic acids if is the stoichiometric dissociation constant. Equa- 
tion 11.7 implies that the buffering capacity is maximal (0.58 c) for pH = 
P^; It js reduced to 33% of the maximal value for pH - oJC = -^ 1 , and to 

4% for pH - p/: = ± 2 . 


The buffenng groups of milk are given in Table 11,2. Compare also the 
i' 1 tt"f n'* index curves of milk, whey, and ultrafiltrate of Figure 
11.4. It follows that the lomzable groups of the proteins, the phosphates. 


Table 11,2, Buffering Groups In Milk 


Group 

Concentration 

(mAf) 

pK 

Protein-Bound Residues 

Aspartic acid 

19 


Glutamic acid 

4.1 

Histidine 

50 

4.6 

Tyrosine 

6 

6.5 

Lysine 

12 

9.7 

Ester-phosphate 

20 

10.5 

N-acctyl neuraminic acid 

7 

2., 6? 

Terminal groups 

0.5 

5 

Salts 

1.5 

3.7, 7.9 

Phosphate* 

Citrate* 

21» 

3., 5.8, 6.6 

Phosphate esters* 

9 

3., 4.1, 4.8 

Carbonate 

2.5 

1.7, 5.9 

Various carboxylic acids 

2 

6.4, 10.1 

Various amines 

2 

4.8 

Lactic acid 

1.5 

7.6? 

^W. AfSnr,,. ' 

50-l7iy 

3.95 
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and the citrates mainly determine the acidity and the buffering of milk. The 
concentrations of these substances can vary considerably, so the titration 
curves vary among samples of milk. There are, however, many complica- 
tions, and the data in Table 11.2 consequently are not fully reliable. Many 
pfC values are uncertain, as the ionization of a group is affected by that of 
other nearby groups; this may be the case in proteins. Some ionizable groups 
in a protein may even be unavailable for titration, as they are buried in the 
hydrophobic interior of the molecule; virtually all of the ionizable groups of 
casein are exposed, but not all of those of the whey proteins. The presence 
of Ca^+ ions strongly modifies the ionization of di- and triprotic acids, such 
as phosphoric and citric acids; they will behave almost as if titrated by 
Ca(OH )2 instead of by NaOH or HCI. However, much of the calcium phos- 
phate is not dissolved but becomes so when the pH is lowered. (See Figure 
4.1.) Increasing the pH causes an increase in eolloidal phosphate. The Mg, 
citrate, and protein present affect the composition and quantity of colloidal 
phosphate. Consequently, the buffer indexes of the various groups are not 
strictly additive. 

The acid range of the titration curve is important because milk is often 
soured. The main change upon souring is caused by the produetion of lactic 
acid. Because it has a stoichiometric pK in milk of about 3.95, it is largely 
dissociated at pH greater than 5 and titration down to this pH takes about 
equimolar quantities of lactic acid or of HCI . But bacterial fermentation may 
cause the production of other acids than lactic (e.g., acetic), breakdown of 
citrate, and hydrolysis of protein; consequently, more changes result than 
the mere formation of lactic acid. 

The basic range of the titration curve is important because of the wide- 
spread use of the titratable acidity to characterize milk (products). The 
titratable acidity is the buffer capacity of milk between its own pH and the 
pH of color development of phenolphthalein (i.e., ~ 8.3). Various stand- 
ardized methods exist, prescribing titration with NaOH of strength Af/10, 
MI9 (Domic), or M/4 (Soxhlet Henkel). The acidity usually is expressed in 
ml NaOH per 100 ml milk, hence in mmol-liler ' when M/IO NaOH is used; 
we will use the latter unit. There are other differences among methods, for 
instance in the pH at the end point of the titration. Moreover, the result 
depends’on the speed of titration, mainly because of the slow formation of 
undissolved CajtPOj)-. which causes the release of protons and hence a 

decrease in pH. 

The main rationale for employing titratable acidity was to detect sour 
milk and in some standard methods the acidity is even expressed as percent 
lactic acid though fresh milk is virtually devoid of lactic acid. The titratable 
acidity of most fresh milk ranges from 14-21 mAf. average about 17, and 
this range makes it unsuitable .as a measure of small quanlilies of lactic acid. 
The lilratable acidity of fresh milk generally decreases with advancing lac- 
tation and tends to be low in mastitic milk. It is primarily a measure of the 
concentration of protein and phosphate. The main conlribulions are 
approximately: 
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2.2 per % casein 

-5,7 

1.4 per % whey protein 

-0.9 

0.1 per mA/ colloidal inorganic phosphate 

- 1.0 

0.7 per mA/ dissolved inorganic phosphate 

- 7.8 

1. 5-2.0 for other compounds 

-1.7 

Total avcnigc - 

17.1 mmoMitcr’’ 


Addition of 0.1% lactic acid would increase the tilralnblc acidity by 
mmoMitcr- Thus, lilratablc .icidily provides lin c.isy method to follosv the 
amount of aeid formed, but otherssise it makes little sense. The pll is the 
essential parameter for charactcriring milk acidity. 

The pH of milk closely depends on lempcnilure. (See Inpiirc 11.5.1 The 
decrease in pH with increasing temperature docs not imply that the milk 
becomes more acid. It ,s seen that the pH of water falls at least as much: 
nem‘rsl'^r°" 1 '""P''t"urc. sshieh implies that its 

m temper- nil. k" P'^' "reach hulTer in milk depends 

Different authors h '"me increasing, some decreasing. 

beUv«ntemLrat •iifTcrent results on the relation 

in PH ~m nu o': J a I" uncertainties 

tion and to chances non ’'“P'P'turcs. to differences in milk composi- 

insoiubiUral“Xarm7hSateT- 

proteins (causing more ionLhir!! ' ' '“”f ^ ‘^r).. and denaturation of sshey 
the pH-temperature relatio7hi„ msT Consequently, 
“larly, heating above lOO’C eJu^ Zm reversible; partic- 

If a dialysate is made at differememn^ i ' tSce Section 10.1.) 

room temperature, it differs from ihatTra'"^'^ measured at 

Again, the changes in the amounTo?:. f r^igure 1 1.5.) 

are responsible for the greater nan- J] ."'“'vcd calcium phosphate probably 
E nater part, this causes a release of protons at high 
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temperature, which is not reversed at room temperature because now the 
undissolved phosphate has been removed 

Many processes cause a change in the acidity of milk Lipolysis causes 
the pH to decrease and the titratable acidity to increase, particularly in high- 
fat products Incidentally, the titratable acidity of fresh cream is lower than 
that of milk, because the fat globules hardly contnbute, but the pH is, of 
course, the same Changes caused by heat treatment are discussed m Section 
10 1, those caused by concentrating in Section 17 2 (See also Section 4 5) 


U.4. REDOX POTENTIALS 

Oxidation reduction reactions involve transfer of electrons between atoms 
or molecules Transfer of O or H, or both, also may occur Oxidation and 
reduction are, respectively, loss and gain of electrons If there is no flow of 
electrons into or out of the system, redox reactions are necessarily coupled, 
a half-cell oxidation reaction occurring simultaneously with a half cell re 
duction reaction 

If a compound. Ox, is reduced reversibly to another. Red, 

Ox + n e is Red (II 8) 


as, for example. 


Fe’* + e i=; Fe-'^ 


(II 9) 


the potential of the system to transfer electrons can be measured by inserting 
into It an inert electrode such as gold or platinum Electrons can pass back 
and forth between the system and the metal The potential actually is mea- 
sured by connecting this half cell via salt bridges through a potentiometer 
to another half cell of known potential All potentials are referred to a 
common standard, the H half cell (H electrode) 

1/2 H- H* -I- e (II 10) 


whose potential is assigned a value of zero when an inert electrode dips into 
a solution of unit activity with respect to protons (pH = 0) in equilibnum 
with H, gas at a pressure of I atm The oxidation reduction or redox po- 
lentiak’Eh, is expressed in volts It is related to the concentrations of the 
oxidized and reduced forms of the compound as follows 


£h 


^ RT 
nr 



(11 1 !) 


where = redox potential (V) 
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£o = standard redox potential (V); i.c., the potential when the reactant 
and product are both at unit activity 
n = number of electrons transferred per molecule 
R = gas constant (8.314 
T - absolute temperature 
F = Faraday constant (96.5 kJ‘V''*mol'‘) 

[OxJ and [Red] = activities of Ox and Red, respectively 


At 25°C and one electron transfer the equation becomes 

Hh = Fo + 0.059 log (lOxiaRcdl) (II. 12) 

According to the convention used by biochemists, Eh becomes more positive 
as the ratio [OxWRed] increases. £„ is a characteristic of each oxidation- 
reduction system and is a measure of the relative ability of the system to 
'f customary to use molar 
rather than activities in the calculations, 
chemM H* ions enter into the overall 

a^fdlowsXn" "'■= Eh will vary with pH 

as tollows when one electron transfer is involved: 

Eh = + 0-059 logdOxVlRed)) - 0.059 pH (11.13) 

o!o59/2°vrtien'lheTeaction PH- (The cocrficients are 
exhibhs poUing (anaCus otff ^ 

close to its Eh, hence a1 ratios of lOxmedl'’T"’" 

pertinent to it are plotted against nH o! importance 

with air generally have E ’55 In th^ dividual milk samples in equilibrium 
normal pH of 6.1-6^^;^ ” f +0.25-+0.35 V at 25"C at their 

the oxidation-reduction systems in m ‘"'n'lablc on the capacity of 

of FeSO. was required per meTt^hH "'““S' ^^Poclcd that 1.6 mEq 
Another Study of58 fresh milk samnle"? down to +0.09 V. 

to lower the £. (at 37-Cno --o^ ;5t°7.5mEqperliterrequired 

reduce 0.6-0.8 mmol Of ferricyanide to f^oryaSpeT^e?^^ 

kinetics onhTotda‘’tSrductTon'!'^^^ "•“'ibrium conditions, the 
reactions are very slow, because of a hTuT* 'mportant. Some of the 
intphes 1, K P""Ey of activation (AC*- 
suminp”^'” ‘s reached. Accurate measurem'^ considerable time before 
whTcS areT'"-\‘," Which te "vera? "'.“I' be time con- 
in the sTm^Iu ‘ncomplctclv'rav "k^tems some of 
P e during the measurement ma ®2ck difTusion of O2 

y complicate matters further. 
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ngure 11.6. The redox potential (Ei.) of milk and the standard potentials (£o) of vanous 
systems m relation to pH After vanous sources 


Meantngful data on the poising index (analogous to the buffer index) therefore 
cannot be obtained, though milk has considerable poising capacity 

The pnncipal systems that determine the Eh of milk are O 2 , ascorbate, 
and riboflavin In heated milk the thiol-disulfide system contnbutes also 
The lactate-pyruvate system is not reversible unless activated enzymatically 
and, in any event, is present m negligible concentration in fresh milk The 
aldehyde group of lactose is oxidizable to carboxyl at high pH, but this is 
not a reversible system contributing to Eh at pH 6 6 
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Oxygen accepts four electrons and four protons per 0» molecule in being 
reduced to two molecules of water. The E„*s of these steps arc positive, 
indicating strong tendency to accept electrons. As secreted, milk is almost 
oxygen-free, but after equilibration with air its O 2 content is about 0.3 mA/ 
(1.2 mEq-liter"*). That O 2 is the major determinant of is demonstrated 
by: 

1. The drop in to about -0.15 V when Nj is bubbled through milk 
to sweep the Oj out. 

2. Reduction of methylene blue by anaerobically drawn milk and loss 
of this reducing power when such milk is exposed to air. 

3. The drop in and the regain of the ability to reduce methylene blue 
when bacteria such as 5. /ncr/jorlactobacilli grow in milk. Of course, 
m this case the drop in pH. which tends to raise E^, is involved as 

u/MI 


is drawn'fmm'ih^H^' ® “ rnEq-lilcr' '. As milk 

corbate is spilt i-versi^r^irh^Son 


0=C- 

HO— C 


0=C 1 

o=n 
^ ? 
H^J 

HO-C_h 
CH jOH 


0=C— OH 

I 

o=c 

I 

o=c 

I 

H— COH 

HO— C— H 

I 

CH:OH 


HO— C ? 

H-iJ 

HO-C-H 

CHiOH , 

CH:OH (11.141 

organisms), reduced ascortTugradL'lW a srowth of mien 

dehydroascorbate remains rathe* consta'^ "‘“reases over several days, ar 
the ratio of ascorbate to dchydroaseor . mEq liter-'. Thu 

dtsappears. Ascorbate is preserve^L '“^6= “"'i' ">= ^yste 

Wtth Cu and by deaeration of contaminatic 

sumahi ^ai^aen E^ and content of tva found a significant invert 
indiviH^ ^fli^ilibrated with air). In one ^^corbate in fresh milk (pr 

Vand within two f™"’ •*''P 

V and ascorbate contents of 0 iVTsS “p had iTs's of 0.30-0.: 

The concentration of free rih„n • '"?q-llter-', 

importance in ’oxMatbn“mdi"e,tan“r “"'y “hoo' 

"Olion phenomena resides in its role 
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photooxidation rather than in any significant contribution to Eh or poising 
action. Milk contains only low concentrations of small molecular weight 
thiols. From rather scanty analyses it may be calculated that the concen- 
tration of lipoate (thioctate) 


S-i 


(CH2)4— COi- 


is on the order of 0.06 mEq liter-'. Only traces or no free cysteine and no 
glutathione have been reported. Thiols of the native proteins are not active 
in oxidation-reduction systems, but they are made so when the proteins are 
unfolded and uncoiled by heat denaturation. The concentration of such ac- 
tivated thiols in milk heated under UHT conditions (such as 150°C for 10 s) 
so as to avoid their oxidation may attain 0.18 mHg'liter (as determined 
by the capacity to reduce thiamin disulfide). These groups no doubt are 
mostly in the /3-lactoglobulin. which has one thiol • mol-', equivalent to 
about 0.16 mEq-liter-' of milk. £„’s of thiol compounds differ with struc- 
ture as indicated by the difference between glutathione HOjC-CHj-NH- 
C0-CH(CH2SH)-NH-C0 -CHj-CH 2-CH(-NH2)-C02H and cysteine HS-CH2- 
CH(-NH2)-C02H in Figure 11.6. £„’s for the protein-bound thiols of milk 
proteins are not known, and the system may not be readily reversible. 


11 . 5 . REDOX REACTIONS AND PHOTOOXIDATION 

Redox reactions (transfers of electrons) in milk systems are influenced by 
heat treatment, by concentrations of O2 and metal ions such as Cu=+, by 
exposure to light, and by oxido-rcductases of milk and of microorganisms. 
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The redox potentials of metal ions may depend closely on their binding to 
various ligands, including some (metallo) proteins. 

Heat treatment of milk activates protein thiols. If oxygen is present, 
heating accelerates the oxidation of thiols and the destruction of the ascor- 
bate-dehydroascorbate system. Heating promotes Maillard reactions be- 
tween lactose and proteins (Section 10.4) with the production of reductants 
of the enediol type. These various reactions differ in activation energy. (See 
Section 10.2.) Consequently, the overall balance of the redox system after 
heal treatment depends greatly on the time and temperature used. High- 
temperature short-time heating leaves more reduced ascorbate and activated 
thiols than do low-temperature short-time treatments. The rate of production 
of redmants by the Maillard reaction increases with concentration of reac- 
tants. Thus, more of these compounds result from heat treatments applied 
m concentrating and drying than from those used on unconcentrated milk. 

capacity of milk for femcyanlde at pH 6.6 (20 min at 
several-fold by concentrating and drying treatments 
Thus E mav readily reversible redox systems. 
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Table 1 1 .3. Effect of Heating and Drying on Reducing Capacity and Ej, of Milk 
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HO- -f + e- HiO 4- OH" 


(11.18) 


hydroxyl 

anion 


Superoxide anion, 0 j, can be formed in milk in various ways, including 

Cu^- + ascorbate + 2=02-. O- + 2 H* + dchydroascorbate (11.19) 
Reduced riboflavin + 2 -* 2 O ^ 

+ oxidized riboflavin -f 2 H* (11.20) 
Reduced riboflavin + 2 ^02-» 2 0^ 

+ oxidized riboflavin + 2 H"’ (11.20) 

Substrate -f Oj + oxidized substrate (II.2I) 

St^,! IT' superoxide anion or, more likely, perhydroxyl 

Se nr^ncfaalT/I' “ 'ip'ds. but current opinion is that 

aho^crn slT of "PM* i' 0X980"- 

oxyg"efato“Ss iwo 'POo‘o^ i" "'"■o” one of the 

2p7rorbital Thus itishioH end the other has none in the 

molecular orbital.'lt can\e generaJedIn s ' “"‘‘i 

can be pertinent to milkr ® ‘"“veral ways, of which the following 


HjOi + 0- OH- + OH- + '0, (11.22 

W + Or-.OH- + .02 (,,.23 

H202 + HO,.^OH- +H2O+ '02 (11.24 

The significance of these reaciinn^ • 
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and triplet O2 rather than singlet O2 Incidentally, oxidation of ascorbate by 
chelated Cu, as in the enzyme ascorbate oxidase, occurs by a different 
mechanism and transfers four electrons and protons to O2 to form water 
rather than Oj or H2O2 

The reactions described in Equations II 20, 1 1 25, and 1 1 26 are involved 
in photooxidation Riboflavin absorbs visible light of wavelengths around 
450 nm and is thereby excited to a triplet state (Equation 1 1 25) This excited- 
state riboflavin can oxidize a number of compounds, being itself thereby 
reduced The reduced riboflavin (Figure 1! 7) can react with triplet O2, as 
shown in Equation 11 20, to produce superoxide anion (or H2O2 at low pH) 
Compounds in milk that can be oxidized by excited riboflavin are ascorbate, 
methionine, cysteine, histidine, tyrosine, tryptophan, and orotate The pro- 
teins a-lactalbumm, /3-lactoglobulin, and serum albumin are also oxidizable 
in this way as judged by production of superoxide anion when they are 
illuminated with light from fluorescent lamps at pH 6 7 in the presence of 
riboflavin at a concentration of 3 2 jxM (similar to its concentration in milk) 
The production of superoxide anion in these reactions was enhanced if the 
proteins had previously been heated at 63°C for 30 mm, suggesting that the 
amino acid residues are made more available to oxidation as the protein 
unfolds and uncoils Some aggregation and degradation (cleavage of peptide 
bonds) occurs A very striking result of these reactions in the production of 
methional (CH3-S-CH2 CH2-CHO), which seems to be largely responsible 
for the off-flavor m milk that has been exposed to light 

Another photooxidative pathway involves direct reaction of excited n- 
boflavm with ^02 to form singlet oxygen 'O2 (equation II 26) This is probably 
not the mam fate of excited flavin, but it may provide the mam pathway in 
producing singlet O2 in milk (equation II 27) It should be noted also that 
nboflavin is degraded by the action of light, the nbityl group is cleaved from 
the molecule with the formation of lumichrome (6,7 dimethylalloxazme — 
see Figure 1 1 7) This process proceeds with first-order kinetics, the rate 
being about 10"’ s"' (50 ml samples of whole or skim milk exposed to ~ 
2500 lux of fluorescent light) 

Photooxidation reactions in milk depend on intensity and wavelength of 
the light, but few quantitative studies are available Riboflavin absorbs nearly 
470 nm, so short wavelength light is more aetive, direct sunlight and flu- 
orescent lamps (TL lamps) have stronger effects than incandescent lamps 
Putting a 1-hter glass bottle of milk for 10 mm in direct sunlight usually 
suffices to produce a distinct off flavor, to be sure, the flavor becomes no- 
ticeable only after some hours as it originates from reaction products formed 
after photooxidation (See above ) Most photochemical reactions are inde- 
pendent of temperature because light quanta rather than the kinetic energy 
of the molecules provide the activation energy Ensuing reactions never- 
theless may depend on temperature 

The oxiilo-rcdiiciasc enzM'icx in milk ordinanlj are only little involved 
m redox reactions occurring therein Ten such enzymes arc listed in the 
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appendix (Table A.IO) as occurring in milk. Lactate dehydrogenase (LDH) 
and malate dehydrogenase (MDH) are NAD-dependent enzymes (NAD = 
nicotinamide-adenine dinucleotide). No doubt, LDHs of bacteria are in- 
volved in the synthesis of lactate from lactose (Section 3.3.1) as milk sours, 
but there is no evidence of the further participation of cither milk or bacterial 
LDH or MDH in redox reactions. Xanthine oxidase is, of course, prominent 
in bovine milk. If furnished with substrate (xanthine, hypoxanthine, alde- 
hydes) it would certainly function and produce HjOj or O; . There seem to 
be little if any endogenous substrates in milk upon which xanthine oxidase 
can work. The activities of lactoperoxidasc, catalase, and superoxide dis- 
mutase all involve H 2 O 2 or O 5 . Tlius, they might be coupled to the activity 
of xanthine oxidase. Sulfhydryl oxidase may catalyze oxidation of thiols to 
fnentioned in Section 7.3.1, its use to oxidize thiols in 
UHT milk to reduce cooked flavor has been proposed. 

Some of the enzymes are metalloproteins (e.g., xanthine oxidase, lacto- 
peroxidase), and they may become prooxidants upon denaturation as caused 
by heating; this is not an enzyme activity. 


11 . 6 . 


milk as a substrati tor bacteria 
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logical condition (e.g., stage of growth, adaptation to milk) and the possible 
presence of bacteriophages. The effect of the environment is usually different 
for growth, fermentation, and, in the case of certain species, sporulation. 
Generally, conditions permitting growth are more restricted than those for 
fermentation. For instance, several lactic acid bacteria do not grow to any 
extent near 5°C, but, other conditions being favorable, they may go on 
producing lactic acid from lactose. Conditions inducing sporulation, whence 
possible growth and fermentation of the ensuing bacteria, are usually rather 
restricted. 

Milk contains such a wide range of nutrients, including all of the vitamins, 
that numerous species of bacteria find sufficient raw material for fermentation 
and growth. The result is well known: Raw milk spoils rapidly at room 
temperature. But because the bacteria that can grow in milk may have very 
different properties, we should be cautious in applying general rules. For 
some bacteria, lactose is not a suitable energy source. Others rely on free 
amino acids as an N source, and fresh milk contains only tiny amounts of 
amino acids. Consequently, such bacteria often start to grow after other 
bacteria have hydrolyzed proteins, thus providing suitable nutrients. Another 
such example is the production of CO^ by some lactic streptococci, which 
stimulates growth of some lactobacilli. (On the other hand, some Gram- 
negative bacteria are inhibited by COj.) Some bacteria need specific trace 
components for growth or fermentation that are missing or present in in- 
sufficient concentrations. An example is Mn, needed by Leuconostoc ere- 
moris for the fermentation of citric acid, which yields aromatic compounds 
that may be desirable; Mn content of milk often varies with season. (See 
Figure 9.8.) 

Some conditions in milk may be unfavorable for growth of some bacteria. 

A possible lack of nutrients has been mentioned already. Water activity and 
ionic strength of milk are never limiting, and pH is so only for a few orga- 
nisms. But redox potential and O 2 pressure are mostly such that strictly 
anaerobic bacteria cannot grow. The growth of aerobic bacteria also depends 
on the location: in a cream layer O 2 pressure may be much higher than near 
the bottom of a deep vessel of milk. Bacterial action, if at room temperature, 
usually lowers both O 2 level and pH. For very few microorganisms are 
conditions in milk so unfavorable as to kill them. 

Milk contains natural inhibitors. Some bacteria do not grow in milk despite 
the presence of sufficient nutrients and suitable conditions. A mere delay 
(or lag phase) in growth after adding the bacteria to the milk is not proof of 
inhibition: the bacteria may not be adapted to milk (i.c., they have to change 
their enzyme system before they can use the nutrients available). 

An important class of inhibitors is the immunoglobulins (Section 6.4.4), 
which are antibodies against specific antigens, often bacteria. They are thus 
specific for the species and strains of bacteria encountered by the cow, and 
other bacteria arc not inhibited. Mixed milk may contain immunoglobulins 
active against a wide variety of bacteria, bur the concentration is usually 
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low. Though examples of inhibition by IgG and IgA (probably in cooperation 
with “complement*’) in milk arc known, the agglutinative action of IgM is 
most conspicuous. There is an aggjutinin acting against strains of S. py- 
ogenes. another against strains of 5. lactis and 5. cremnris. 

Agglutination means that bacteria meet each other owing to their Brown- 
ian motion and are kept together in (large) flocculcs by the sticking action 
of the agglutinin. The flocculcs can become so large that they sediment, 
removing the bacteria from most of the milk. Bacteria also can become 
attached by agglutinins to fat globules if the temperature is low. The cold 
agglutination and rapid creaming of the fat globules (Section 14.3) then cause 
rapid removal of bacteria from most of the milk. The organisms are not killed 
but restricted in growth, because of the depletion of nutrients and the ac- 
cumulation of inhibiting metabolites in the sedimented layer of flocculcs. 
Those concentrated in the cream layer also may be inhibited by the higher 
O2 pressure. If agglutination is hindered mechanically, for instance when a 
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low. Though examples of inhibition by IgG and IgA (probably in cooperation 
with “complement”) in milk arc known, the agglutinative action of IgM is 
most conspicuous. There is an agglutinin acting against strains of S. py- 
ogenes, another against strains of S. hciis and S. cremoris. 

Agglutination means that bacteria meet each other owing to their Brown- 
ian motion and are kept together in (large) floccules by the sticking action 
of the agglutinin. The fioccules can become so large that they sediment, 
removing the bacteria from most of (he milk. Bacteria also can become 
attached by agglutinins to fat globules if the temperature is low. The cold 
agglutination and rapid creaming of the fat globules (Section 14.3) then cause 
rapid removal of bacteria from most of the milk. The organisms are not killed 
but restneted m growth, because of the depiction of nutrients and the ac- 
^mulation of inhibiting metabolites in the sedimented layer of lloccules. 
Those concentrated in the cream layer also may be inhibited by the higher 
O2 pressure. If agglutination is hindered mechanically, for instance when a 
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induces formation of H 2 O 2 , and it may be that the natural milk enzyme 
xanthine oxidase (EC 1 2 3 2) can do the same under some conditions The 
natural content of catalase (EC 1 11 1 6) in milk does not interfere with the 
system, even if it is high (mostly because of a high somatic cell count) 
Nevertheless, the inhibitory effect in milk is quite variable, largely because 
of the vanation in thiocyanate content 

Inhibitors may enter the milk by contamination This is undesirable, not 
only because fermentation may be impaired but also because these sub- 
stances may be detrimetal to the consumers' health Antibiotics like penicillin 
may be present because they have been infused into the udder to control 
mastitis, and they can be found in the milk up until about three days after 
the infusion Particularly, some lactic acid bacteria are sensitive to these 
antibiotics Disinfectants used to treat milking or processing equipment may 
contaminate the milk easily and then inhibit or even kill bacteria In some 
countries H 2 O 2 may be added to raw milk as a preservative (10-15 mAf), it 
IS removed by addition of catalase before processing of the milk 

Treatment of milk may profoundly alter its suitability as a substrate for 
bacteria The most important is heat treatment (Chapter 10), which kills 
bacteria and may activate sporulation but also alters the milk Inhibitors are 
inactivated, this pertains to the immunoglobulins (if heated for, say, 20 s at 
76°C) and to the lactoperoxidase system (e g , 20 s at SS'C) Consequently, 
pasteunzation may stimulate considerably growth of bacteria (which have 
entered the milk rifterwards), the higher the heating intensity the more, up 
until around 20 s at 85°C Still more intense heating may lead to formation 
of stimulants, such as formic acid for certain lactobacilJi 

Homogenization appears to inactivate the agglutinins, but it usually is 
applied to milk that has been heated to such an extent that the agglutinins 
are inactivated anyhow 

Fermentation by lactic acid bacteria causes the formation of lactic acid, 
and this is an effective inhibitor for many bacteria if it is undissociated Its 
p/f is about 3 95, which implies that the inhibition is stronger for a lower 
pH Hardly any bacteria can grow in milk brought to pH of less than 4 5 by 
lactic acid, but some yeasts and molds can Bactena also can produce other 
inhibiting substances, such as acetic acid, and antibiotics Some strains of 
S lactis produce the powerful antibiotic nisin 

Fermentation implies a drastic change m composition Other such changes 
also may be effective m inhibiting bacteria Conditions can be made strictly 
anaerobic The water activity can be lowered to such an extent that no 
bactena can grow (Section 17 I), as m milk powder (by removing water) and 
in sweetened condensed milk (by adding sugar) The salt added to cheese 
has a similar effect and also increases ionic strength Often, a combination 
of lack of suitable nutnents, unfavorable conditions, and inhibiting agents 
prevents growth, this is notably true m many types of cheese (no sugar, low 
redox potential, not too high temperature, high salt, low pH, lactic acid) 
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Colloidal and Surface 
Phenomena 


A glance back at Table 1.2 shows that colloidal aspects must be important 
for milk and its derivatives. Milk has many structural elements of colloidal 
dimensions. The particles vary widely in size and composition, and some 
of them have a complicated structure; all carry a surface charge. They have 
large surface areas that interact with the many surface-active components 
of milk. 

The fat globules and the casein micelles are particularly subject to many 
alterations. Some of these changes are essential in such dairy manufacturing 
processes as churning and renneting. Others affect the physical properties 
and stability of milk and milk products. The interactive forces between the 
particles often play a decisive role in these processes. 

This chapter serves two purposes. It is mainly an introduction to Chapters 
13-16 and parts of Chapter 17, for the benefit of readers not entirely familiar 
with the underlying principles of the physical chemistry of surfaces and 
colloids. It also relates these principles to milk. Consequently, some general 
colloidal and surface aspects of milk and its derivatives are treated here 
rather than in the more specialized chapters following. 


12.1. SURFACE CHEMISTRY 
12.1.1. Surface Tension 

Free energy is stored in the interface between two phases. A phase is a 
domain bounded by a closed surface in which the intensive parameters (such 
as composition, temperature, pressure, and refractive index) are constant, 

21 1 
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while at least some of these parameters change abruptly at the surface. Such 
changes occur in fact over distances of a few times molecular size, so the 
condition of abruptness implies that the domain must have a size many times 
that of the constituting molecules. The principal phases of milk, then, are 
serum and liquid fat; if present, air bubbles and the crystals of fat, icc. and 
lactose constitute phases. Casein micelles, though colloidal particles, cannot 
be considered as a distinct phase; they arc not sufficiently homogeneous and 
have no sharp boundaries. Consequently, milk plasma behaves In many 
respects like a single phase. Also, the fat globule membrane is not a phase; 
Its dimension in the radial direction is far too small. 

Incrwse of inlcrfacial area means increase ofinlcrfacial free energy. Hence, 
an interface resists enlarsemcnl, which implies lhal a force is acting in the 
fforrl'”" expressed as a two-dimensional tension 

ileauauZ" iT”^^’i'" T- Numerically, 
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*2,1.2. Adsorption 
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. Equation 12.1 implies that r™ 
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Table 12.1. Some Examples of Interfacial Tensions ( 7 ) 


Interface between Phases 

y (mN m“') 

Water-air 

72 

22 mM Na laurate in water-air 

43 

0 3 mM stearate in water-air 

43 

n octane-air 

22 

Water-;i octane 

51 

Milk plasma-air 

48 

Sweet-cream buttermilk-air 

40 

Liquid milk fat-air 

34 

Liquid milk fat-water 

20 

Liquid milk fat-milk plasma 

15 

Liquid milk fat-protein solutions 

10-15 

Milk fat globule-milk plasma 

1“ 

Liquid fat-fat crystal (a modification) 

10 


Note Approximate values at 2(M0“C 
“Measured values range from 1 -2 5 mN m ' 


Adsorbing substances, often called surfactants, are usually amphiphilic mol- 
ecules Examples are polar lipids (phospholipids, monoglycerides), fatty 
acids or soaps, and synthetic surfactants like polyoxyethylene sorbitan mon- 
olaurate (See Figure 12 1 ) They tend to lower the surface tension of water 
7aw, to roughly the same extent as they lower yow. which implies that the 
latter can become very low, even less than I mN m“' for some surfactants 
Certain macromolecules also may adsorb onto an interface, but Equation 
12 I no longer may apply It is valid for a dynamic equilibnum, such as 
exhibited by small-molecule surfactants, they move in and out of the interface 
with an average residence time much shorter than the time scale of an 
experiment Many macromolecules, however, are adsorbed more or less 
irreversibly, their residence time may be much longer than the experiment 



oA 



Figure 12.1. Adsorption of substances onto an oil-water interface (1) ‘ soap (2) tween 
(3) (4) and ( 5 ) proteins in vanous states of unfolding Highly schematic On the left js a scale 
of nanometers Often polymer chains will extend fuTther into one of the phases 
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lasts, and equilibrium is not attained. Moreover, they tend to rearrange their 
conformation on adsorption. Given time and space (which implies that few 
macromolecules are available per unit interfacial area), they may completely 
unfold and become stretched. More often, various segments along the chain 
will be adsorbed, while loops and tails dangle into one of the phases. (See 
Figure 12.1.) 

Proteins, having both hydrophilic and hydrophobic parts, arc surface- 
active macromolecules and are readily adsorbed onto OW and AW inter- 
faces. Globular proteins, such as those in milk scrum, may unfold and in 
some cases even be denatured on adsorption. The surface excess or protein 
load depends on the ratio of protein available to surface area. It may range 
from 0.5-3.0 Usually, protein is abundant and loads of 2.5 mg-m"’ 

or more are obtained. (See also Fig. 17.12). 

If different surfactants are present, the one giving the lowest y at the 
prevailing bulk concentration displaces the others until the condition of 
equation I2.I is fulfilled for each. (Actually, thermodynamics of adsorption 
IS somew^t more complicated.) Most proteins do not reduce y greatly (e.g.. 
Tlius°°nnlvnYv1ii, T *’ staall-molecule surfactants may replace them, 
phase (after adsn'^ i"* ■’’“nolaurate, at a concentration in the bulk 
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Proteins also may bind many surfactants. This is one of the reasons why 
the activity of a surfactant in milk is often rather low. A well-known example 
is binding of free fatty acids by serum albumin. Sodium lauryl sulfate and 
some other surfactants bind strongly to proteins and even denature them. 
Consequently, the changes found in properties of milk products when adding 
surfactants need be caused not only by adsorption at phase boundaries; 
changes in protein properties (conformation, charge) may occur too. 


12.1.3. Curved Interfaces 

The pressure at the concave side of a curved interface is higher than at the 
convex side. The difference is called the Laplace pressure, which, for the 
simple case of a spherical surface of radius r , is given by 

Ap = ^ (12.2) 


This implies, for instance, that a milk fat globule with a diameter of 1 pm 
has an overpressure of about 10 kPa (- O.I atm). The globule resists de- 
formation because deformation produces a local increase in curvature (de- 
crease in r), hence an increase in Ap. 

An air bubble in skim milk of 0. 1 mm diameter would give a Ap of some 
2 kPa (i e , 2% of atmospherie pressure). This means that the solubility of 
the air in the bubble is higher than that of the air above the liquid (where r 
= o:) This is generally true also for nongaseous components in a particle. 
A more general form of Equation 12.2 is the Kelvin equation, which relates 
the solubility P, of a particle of radius r to that of a very large particle 


PTln 


Pr 


2yM 

pr 


(12.3) 


where M is molar mass and p is mass density of the substance in the particles. 
As a result of the difference in solubility, large particles tend to grow at the 
expense of smaller ones, and the latter disappear; this is called Ostwald 
ripening. Generally, radii should be below 0.1 pm to exhibit much of this 
effect for solids or liquids, or below 100 pm for gases (which have a much 
lower value of M/p). An additional prerequisite for Ostwald ripening is that 
the substance in the particles be at least slightly soluble in the surrounding 
medium. Consequently, small fat globules in milk do not dissolve, but air 
bubbles do so rapidly. Also, fat crystals in liquid fat and lactose crystals in 
condensed milk exhibit Ostwald ripening. 


1 2. 1 .4. Contact Angle 

Where three phases mcett the angles that the interfaces make with each 
other at the boundary line are determined by the three intcrfacial tensions. 
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Examples are depicted in Figure 12.2. If one phase is a solid, the situation 
is determined by one contact angle and the convention is to measure it in 
the densest fluid phase. For the case of Figure t2.2(a) Young’s equation 
states 


cose = ^!i5 — (12.4) 
Yaw 

If, however, (-/aw + yws) < 7 as‘ the equation would give cos G > I, which 
is clearly impossible. In this case the liquid (W) spontaneously spreads over 
the solid, because that gives the lowest total intcrfacial free energy. For the 
case of Figure 12.2(b), we have spreading of oil over the water surface if 

(Yao + row) < 7 aw. 

The contact angle depends on the adsorption of surfactants because the 
in e acia tensions do. This also may determine w hcihcr spreading occurs. 

inglyccridc oils do not spread on w’atcr, but natural fats 
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kinetic energy, this implies that the adsorption is virtually irreversible More 
energy is needed for larger particles (proportional to diameter squared) and 
a contact angle closer to 90° 

Fat crystals adsorb onto an OW interface and also onto the milk-fat 
milk— serum interface, but with a large contact angle (at least 150° as mea- 
sured m the aqueous phase) They are, however, often prevented from reach- 
ing the interface by a repulsion barner In butter, fat crystals help to stabilize 
the aqueous droplets against coalescence by being adsorbed onto them, 
sticking out into the oil phase, and thereby preventing contact between the 
droplets 

Casein micelles can adsorb onto milk-fat-water and air-water interfaces 
However, they cannot be considered solid particles, and the reasoning given 
above does not apply, for instance, there is not a fixed contact angle Never- 
theless, their adsorption towers the total free energy if the interface is yet 
uncovered by other surfactants When they are adsorbed onto a clean OW 
interface, they also spread This is neither a spreading of a liquid (like oil 
over water) nor like the unfolding of a macromolecule It appears that the 
casein submicelles remain intact and form a layer at the interface Again, 
spreading occurs only as long as the interfacial tension has not been lowered 
too much by adsorption of other surfactants 

1 2.1 .5 Surface Tension Gradients 

When surfactant molecules are not distributed evenly over an interface, 
surface tension gradients occur These are smoothed out rapidly because 
the surfactant molecules move until they are evenly distributed We may 
also say that the surface (interface) moves from regions with low y to those 
of high y The movement drags liquid near the interface with it This is called 
the Marangoni effect The streaming can be vigorous For an air-liquid 
surface, the stress dy/dz (where z is the distance in the plane of the surface) 
must equal the shearing stress tjGo (where tj is liquid viscosity and Go is the 
shear rate in the liquid at the interface) For instance, a Ay of 1 mN m 
over 10 jam distance causes for water a local shear rate of 10’ s"' Conse- 
quently the effect may be large In practice, however, diffusion of surfac- 
tants to the interface may dimmish greatly the development of surface tension 

gradients , . - 

Conversely, streaming of a liquid along an interface that contains surfac- 
tant causes a y gradient to develop In this way a liquid interface, like a 
solid interface, can withstand a tangential stress A completely clean OW 
interface cannot bear such a stress, if one liquid flows, the other must flow 
equally fast at the interface But even small amounts of surfactant prevent 
this effect, the interface acts more or less as a solid surface except for its 
deformabihty perpendicular to its plane For small droplets, the latter effect 
IS counteracted by the Laplace pressure Consequently, milk fat globules 
act under most conditions as if they were solid particles 
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Summarizing, we may stale thal the adsorption of surfactants onto an 
interface has three main effects: 

1. It lowers y, hence Laplace pressure. 

2. It permits development of y gradients. 

3. It may alter the interaction forces acting between two approaching 
interfaces. 

The last aspect is discussed in the next section. 


12.2. COllOlDAl STABILITY 

Particles larger than most molecules but delinitcly too small to be visible 
are the subject of colloid science. Tbe size range is approximately I to in’ 
sM. ‘•i”' “"oWs arc distinguished from irrever- 
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persisting contact between the particles. Repulsion is briefly discussed in 
Sections 12.2.3 and 12.2.4. 


12.2.1. Hydrophilic Colloids 

First, we will consider macromolecules, particularly polysaccharides and 
proteins. These are often thermodynamically stable in water (i.e., the free 
energy of the mixture is lower than that of the dry macromolecules plus that 
of water). Such reversible colloids are not fundamentally different from true 
solutions, though there may be additional factors leading to their stability, 
the main one being that the macromolecule can assume numerous different 
conformations in solution, thus increasing its conformational entropy. Con- 
formation is also affected by the following factors: 


1. Hydration (i.e., affinity between the macromolecule and water mol- 
ecules) causes repulsion between different parts of the macromolecule 
as soon as the separation distance is on the order of a few water 
molecules. 

2. Electrostatic repulsion occurs between like charges on a macromolecule. 


Hence, pH may have a large effect; the further it is from the isoelectric 
point, the more extended the conformation. Near the isoelectric pH, at- 
traction between opposite charges is likely, leading to internal salt bridges. 
These and other bonds between different parts of a macromolecule (e.g., 
hydrophobic interaction) cause a more compact conformation. A more com- 
pact conformation generally goes along with a lower solubility, and factors 
causing the macromolecule to extend also cause it to be more soluble. The 
effect of ionic strength is discussed in Section 12.2.2; aspects of protein 
solubility and conformation are presented in Section 6.1. 

Most amphiphilic molecules (i.e., molecules with a hydrophobic and a 
hydrophilic part) are not very soluble in water or in apolar solvents. In both 
types of solvent they tend to associate into micelles, usually containing 
between ten and one hundred molecules, and in this way appreciable quan- 
tities apparently dissolve. Dissociated fatty acids (soaps) and phospholipids 
form roughly spheric.al micelles in water; the inside of such a micelle is 
hydrophobic, the outside hydrophilic. Such micelles are in equilibrium with 
single dissolved molecules and arc thermodynamically stable. There is a 
critical micelle concentration (CMC) below which no micelles are formed 
and above which the activity of the solute hardly increases; almost all mol- 
ecules added now go into micelles. For molecules with a long aliphatic tail, 
the CMC is low. Examples arc Na-caprylatc, 0.3600 M; Na-lauratc, 0.0230 
Af; Na-stcaratc. 0.0004 4/. . j. 

Amphiphilic molecules also adsorb onto an AW or OW interface. (Sec 
Section 12.1.2.) Usually, the bulk concentration at which they give a fully 
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packed monolayer at the interface equals the CMC. They also may be bound 
by other molecules, particularly proteins. Lipoprotein particles may be con- 
sidered association colloids of mixed composition. 

Monoglycerides and phospholipids present in oil also form micelles. In 
these the hydrophilic part is in the center; some water usually is needed to 
form these micelles. 


12.2.Z. The Electrical Double Layer 

To understand the stability of lyophobic colloids, we need to consider at- 
traction and repulsion in more detail. This also may be useful with respect 
to casein micelles. Adsorption of ions or ionization of groups on the surface 
ot a particle gives it an electric charge. The surface has an electrostatic 
potential, This causes a repulsive force between particles with a of 
the same sign; the force increases with the absolute value of i/t- The re- 
^ close approach between the particles. The 
The aoiipnnc and the repulsive forces, 

thoseofacharop^^^^^ surrounding the particles always contains ions, and 
near its (the counterions) accumulate 

higher the concentrati/ *1*® charge. The closer to the surface, the 
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double layer move freelv ontv^ih*' *’a'ause ions and molecules in the 
locally. concentration of counterions is increased 

its surface. The^rSon is diminishes with the distance I from 


v-evc” 112 .: 

is the Debye— Huckel nara 

the double layer; it is the reciprocal is called the thickness i 

times i/f„. ii depends on the over which i^f drops to 1/e equals 0.3 

temperature (relative dielectrir ^ of the solution. In water at rooi 

‘eiectncconslam 78). « is given by 


l/«-0.3/y/ = o.42 




wher '' > 

str'enMli ^‘t'cd'on IZ^'iMhm i™ ™'c"cy of the ionic sped 

ength / of about 0.08 M, we find w "'‘"“'"cters. In milk, with an ioi 
ionil ‘1.'''™'"” ">c surface Note that t 

dislanc^T\'!'’'^™'"c* the dccrea^*T‘“ cenain panicle, and t 
Athichn cepulsion works distance, hence t 

with ioniVy° ^°'’'^''‘*cc''ease because F'Sure 12 

Smups on the panicle, become associat 



12.2. Colloidal Stability 


221 


-i)i|mV) 



figure 12.3. Effect of surface potential (*.) and ionic strength (/) on the potential (lA) at a 
distance (h) of a charged particle The electrokinetic (zela) potential depends on the (mostly 
unknown) location of the slipping plane along the li axis e g as indicated with the broken 
line 


The thickness of the double layer has another important effect If the 
distances between charged groups (or clusters of groups) at a surface are 
« 1 /k, then the charge may be considered to be evenly smeared out over 
the surface, even when both positive and negative charges are present But 
if the distance between charges is greater than 1/k, separate charged spots 
can be distinguished, this implies, for instance, that positive and negative 
groups attract each other and may form miemal salt bridges Because of 
these effects, ionic strength may affect profoundly the conformation of charged 
macromolecules (macroions), like some proteins When I is high, hence 1/k 
small, the macroion tends to attain a more compact conformation 

The ionic strength is usually easy to estimate, but the surface potential 
IS not We can measure the electrokinetic or zeta potential (t/f^) by letting 
the particles move m an electric field But they move while taking at least 
a little solvent with them, so that the slipping plane, at which the potential 
IS measured is at some unknown distance from the surface (see Figure 12 3), 
hence ^ is’less than M Figure 12 4 gives some results for for particles 
in milk 



Hsure 1 ZA Zcia poteniial (<,' ) of particles 
from milk at \-anous pH Approximate \al 
ucx at rixjm temperature Aficr \an 0 u 5 
sources 
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12.23. DLVOTheoiy 

The DLVO theory (Deryagin, Landau, Vcrwey, Overbeek) considers the 
combined effects of electrostatic repulsion and Van der Waals attraction. 
Usually, the energy needed to bring two particles from infinite distance to 
a mutual separation h is calculated (as in Figure 12.5). For two spheres of 
radius r and for conditions as in milk (the solvent is water, kt » 1) we find 
for the electrostatic interaction energy 

Vr =* 4.3 X lO-'® r ^ !n( 1 + e""'-) (I2.7a) 

expressed in SI units, hence V in J. For the same conditions, and h « ^ 
we find for the energy attributable to Van der Waals attraction 

Va- -AHnit (12.7b) 

The total interaction is 


Vt = Vr + Va (I2.7c) 

10-=' 1). An example, calculated far 

milk fat globules, is m Figure 12.5. 
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It should be emphasized that Equation 12 7 is a simplification and its 
parameters are uncertain Nevertheless, a curve similar to that in Figure 
12 5 IS found often If the maximum in the curve near A is sufficiently 
high (say, 20 kT), the particles will not come into contact (A = 0) This is 
because the probability of two particles meeting to overcome this energy 
bamer is very low If V„ax is lower, the particles may come into contact or 
flocculate m the “primary minimum” B If they are fluid, this leads mostly 
to coalescence If they are solid, they remain together for a long time, unless 
V„ax IS very low In most cases there is a “secondary minimum” near C, if 
itTs”deeper than, say, 3 kT, particles will flocculate in the secondary minimum 
(i e , at some distance from each other) Equation 12 7 shows that for a 
smaller 1/k, hence higher ionic strength, this minimum will be deeper 
Although the DLVO theory adequately predicts the stability of many 
colloids, there is a serious difficulty in our cases Equation 12 7 shows that 
Vt is proportional to r Particle size does not affect the positions (A) of the 
maximum and secondary minimum, but rather it affects their magnitude 
This implies either that for small particles is too low to prevent floc- 
culation in the primary minimum, or that for large particles the secondao' 
minimum is so deep as to cause flocculation, this reasoning applies if the 
spread in particle size is sufficiently wide For milk fat globules, for instance, 
r IS between 0 1-8 0 txm Figure 12 5 indicates that for larger globules floc- 
culation near C always should occur This also would be true if surface 
potential or Hamaker constant were somewhat different Nevertheless, large 
milk fat globules do not flocculate They do not flocculate even at their 
isoelectric pH (see Figure 12 3), where surface potential is zero (when this 
IS investigated, casein should be absent) 

12.2.4. Steric Repulsion 

From the surface of a particle, molecular chains may protrude, and this can 
cause repulsion by about the same mechanism as macromolecules them- 
selves are kept in solution If the particles approach closely, the layers with 
protruding chains (often called hairs) interpenetrate or become compressed, 
this causes loss of conformational entropy and thus repulsion If the hairs 
arc hydrophilic, there is .also repulsion by hydration on close contact of 
individual molecular chains The total effect is called stenc repulsion, and 
Its magnitude may be considerable, on the order of a few AT per molecular 
chain (It also can be desenbed m terms of an osmotic effect, ansing from 
the increased concentration of macromoiccular segments in the thin film 

between the particles ) rr . i . 

Stenc repulsion must be important for the stability of fat globules (Chapter 
14) and casein micelles (Section 13 2) This implies that these particles arc 
“hairy ” Note that it will not prevent the particles from making contact 
The hairs may occasionally touch, and may even react chemically, if con- 
ditions arc favorable for this In this way cross linking (c g , by -S-S- 
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bridging of protein) is still possible ssithout the particles originally being in 
a flocculated state. 

The hairiness may cause the zcla potential to be much lower than the 
surface potential, because the slipping plane of a particle moving through 
the liquid is further away from the surface. On the other hand, the hairs may 
carry charges themselves. All of these complications interfere w ith the pre* 
cise calculation of the interaction energy between particles. 


12.3. CHANGES IN DISPERSTTY 


Col oidal particles may change in size (by growth or dissolulion and by 
coalescence or disnrption) and in arrangement (by nocculation and by sed- 
imentation or the mverse processes). Some aspects arc discussed elscttbcrc 
(Ostwald npenmg m Section 12.1.3; creaming in Section 14.5). 


12.3.1 nocculaUon Kinetics 
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When the liquid is not at rest, the meeting frequency of the particles may 
be much increased, as discussed in Section 12.3.3. 

12.3.2. Gel Formation 

Flocculation may lead either to a coagulum consisting of separate, compact 
floes, which usually sediment and hence form a precipitate, or to a gel in 
which the flocculated particles form a network that extends throughout the 
liquid. Gelation, of course is preceded by formation of small floccules, and 
these, rather than separate particles, build up the network. If flocculation 
can go on unhindered, without any streaming in the liquid (e.g., as caused 
by stirring) and without appreciable sedimentation (or creaming) of the floc- 
cules, a gel is formed. Gelation is favored by the volume fraction of the 
particles being larger. 

The casein micelles of milk usually form a gel on flocculation if the liquid 
is kept at rest, as in renneting, but when the liquid is stirred a coagulum 
forms. Aggregates of milk fat globules usually cream too fast for a gel to 
form, but in cream (e.g., 30% fat) this may happen. 

A gel may show syneresis; this means that the network of particles shrinks, 
expelling solvent. An important example is discussed in Section 13.3.4. 


1 2.3.3. Effects of Streaming 

Milk and liquids derived from it often undergo streaming, particularly during 
processing, and that may affect the colloidal particles. Streaming of a liquid 
generally evokes a velocity gradient (G. expressed in s"'); its magnitude 
largely determines the effects of streaming on particles. Very roughly, G is 
0.01 s-' for flow around a creaming fat globule, I s' ' for convection currents 
in a beaker of milk being heated, 100 s'' for flow through a pipeline, and 
up to 10^ s-' may be caused by mechanical stirring as applied m practice. 
In laminar streaming, G is roughly constant in fairly large regions of the 
liquid. In turbulent streaming, G varies widely with place and time, and 
inertial effects become important; some aspects arc discussed in relation to 
homogenization. (Sec Section I4.4.I.) Here we will restrict ourselves to the 

simpler case of laminar flow. „ „ ■ , , . . . . 

Streaming may affect the meeting frequency of colloidal particles. Instead 
of Equation 12.8 we now have (for equal-sized spheres) 

= \ = 4 d> W G/ff ' (12.9) 

Note the strong dependence on particle size and the absence of viscosity in 
the equation. For particles in water at room temperature, we obtain for the 
ratio of gradient to Brownian meeting frcqiicnc> 

- 0.2 tTG 


( 12 . 10 ) 
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when d is expressed in micrometers. Consequently, for milk fat globules 
often Jg » ^D. for casein micelles usually >> 

Streaming exerts a viscous stress on particles in the liquid, causing them 
to deform and often to rotate. The stress is on the order of rfj, ^hcrc tj is 
the viscosity of the surrounding liquid (roughly 10“’ Pa-s for milk plasma). 
For a fluid particle, the stress is counteracted by the I-aplacc pressure, d/d 
(Equation 12.2). If the ratio of viscous stress to Laplace pressure is suffi- 
ciently large, the particle may deform to such an extent that it is disrupted 


into smaller particles; the condition is roughly — ^ > 0.5. Consequently, 

y 

milk fat globules (y 2,5 mN-m“') can be disrupted only by velocity gra* 
dients of lO’-lO^ s“'. Such high gradients arc very difficult to achieve and 
may occur where a fast-flowing liquid impinges against an obstacle or near 
a rotor blade going at high speed through the liquid; they also can occur 
during atomization of milk, as applied during spray drying. Particles smaller 
than fat globules generally arc not affected at all. Air bubbles of d = 2 mm 
in milk require G “ 1(P s“‘ for disruption, and that is certainly possible 
dunng beating. 


Streaming also exerts a viscous stress on floes of particles and may disrupt 
them into smaller flocculcs or single particles if the stress can overcome the 
particles; likewise, streaming may prevent 
flocculcs from forming. Generally, large floes arc easier lo disrupt than small 

S'fat Sii.!'?*’ f''a'ivcly Mcak spots. Floes of 

“omoktdv^f r - sm ? (Soclion 14.3) canbe disrupted 

Tracml LTJ X- ^.O'^of^aein micelles (e.g.. formed by renneting 
Ten .ha S k v" 'i^ble flocculcs remain even 

When .he liquid is vigorously stirred during ,he flocculation process. 


i 2 A . SIZE distributions 

Of thf pamclcrdcMnd^ on of sizes. Several propcrt je 
distribution are discussed here characterizing the siZ 

of spherical particles which *’®*tncted to the relatively simple cas 
For the sake of einlanaticm I"*!?'' "''oobos and fat globule! 
-here the fth class eoSn ‘pL 7c. '‘i^'riba.ion into size elasse 


4 + !d</; the number SraSS” '‘'‘"'.'’'’>'"=krs between rf, - a 
Now the number frequency is eiven*K'^ «■ '.* ''°*“a’e in the size class is ! 
IS a ifferentia! quantity with the ^ Note that number frequen 

volume per unit class width Thetni""'"^'™ number per ui 

of material present in pari icS "" which gives the amot 

f«fl“=noy by the vn?"*'" obtained by mul 

^N d,V6U. We uisu X™ ™'“™= of a particle rid//6; it is lb 
material per unit class width a k.! “ P'loentage of the total volume 
■ ‘ " ofloal to the mass frequency if b 
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Table 12.2. Parameters of Size Distributions 


Parameter 

Symbol 

Formula 

Dimension 

Equation 

/ 1 th moment of distnbution 

s„ 

tNidJ 

[L- T 

(12 

11) 

Number average d 

d 

S,ISo 

[L] 

(12 

12) 

Volume/surface average d 

d.. 

-Vj/Si 

[L] 

(12 

13) 

Stokes parameter 

H 

SJS, 


(12 

14) 

Relative width 

tr, = 

(SjSW l)i 


(12 

15) 

Volume fraction 

</> 

•irSi 

— 

(12 

16) 

Specific surface area 

A 


[L ■] 

(12 

17) 

Mean free distance 

z = 

0 225d„(0 74/d>-l) 

fL] 

(12 

18) 


Note WArf IS the number frequency is particle diameter Only for sphencal particles 


ferences in density of the particles are negligible Examples are in Figures 
13 2 and 14 1 If Ad is made infinitely small, a smooth curve of frequency 
versus diameter is obtained 

Table 12 2 gives some parameters of size distributions The moments of 
the distribution S„ are auxiliary parameters, simplifying equations and eal 
culations Numerous types of average diameters can be calculated from the 


general equation 


© 


\ l/(n - m) 


Usually, the anthmetic or number average 


dio or 2 is taken, but it is not a very useful average for casein micelles or 
fat globules because of the very large number of relatively small particles 
This implies that 2 can hardly be determined with accuracy, the total number 
of globules (S„) IS difficult to obtain The volume-surface average rfjj or d„ 
IS more useful We also may define it as the surface-weighted average It 
relates the total volume of dispersed material to its total surface area (Equa- 
tion 12 17), both important parameters It recurs m the equation for the mean 
free distance (Equation 12 18), which is the average linear distance a particle 
can move before touching another Mean free distance will be used m Section 
14 2 The Stokes parameter will be discussed in Section 14 5 in relation to 
creaming Volume fraction and specific surface area are self-explanatory 
A size distnbution is not defined by its average A second important 
parameter is the width, usually expressed as standard deviation The rclaliv e 
standard deviation (obtained by dividing by the average size) is the most 
meaningful measure of polydispersity Equation 12 15 gives the surface- 
weighted relative width ir,, corresponding to d,. 


Suggested Utemture 

Introductory textbooks in colloid and surface science arc 
t> J Slav, Inimlacli m lo ColMJ anJ Surfacr Clirni,ir> 2nS cS ll,oiHloti nullcrwilti 
19 ' 0 ) 
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Somewhat more rigorous Is 

P. C. Hictnens. Principles of Colloid and Surface Chemistry (New York: Dekker, 1977). 
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A. W. Adamson. Physical Chemistry of Surfaces, 2nd ed.. (New York; John Wiley, l%7). 

Surface chemistry of macromolecules is reviewed by 

I. R. Miller and D. Bach. "Diopolymcrs at Inicifaces." Surf. Coll. Sci. 6 (1973): 185-227. 

Steric repulsion is treated by 

B. Vincent. Adv. Colloid interf. Sci. 4 (1974): 193-277. 

An excellent text on many aspects of lyophilic colloids is 

C. Tanford, Physical Chemistry of Macromolecules (New York: John Wiley. 1961). 

Several aspects of particle size distributions are given by 

J. D. Stockham and E. G. Fochtman. Particle Size Analysis (Ann Arbor Sci. Publ.. 1977). 
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Casein Micelles 


The casern micelles of cow’s milk are intricate particles that carry most of 
Its protein and a considerable portion of its Ca and phosphate Their primary 
function IS to provide the calf with these important nutnents The difficulty 
in the “design” of the micelles is that they must contain some highly insoluble 
material (the calcium phosphate) while being themselves stable and not too 
large On the other hand, they form a clot once in the stomach of the calf, 
and It must be assumed that the clotting also is essential These somewhat 
conflicting limiting conditions may account for the intncacy of the micelles 
The existence and the properties of casein micelles have several conse- 
quences in the use of milk To a large extent they determine the stability of 
milk products during heating, concentrating, and holding Their behavior is 
essential in various steps of cheese making The micelles and the changes 
occurring in them largely determine the rheological properties of sour and 
concentrated milk products Casein micelles interact with air-water and 
oil-water interfaces, the latter interaction is particularly important in ho- 
mogenization and affects some properties (stability, viscosity) of homoge- 
nized products 


13.1. PROPERHES 

Almost all casein in uncooled milk is present in r oughly spherical partic les, 
mostly 0 02 to 0 30 urn in diameter, composed ot some 20-150,000 casein 
molecules These casein micelles also contain inorganic matter, mainly cal- 
cium phosphate, about 8 g per 100 g casein (See table 4 2) The particles 
are voluminous, holding more water than casein Finally, they contain small 
quantities of some'other proleins, such as the milk enzymes lipase and 
plasmin and part of the proteose-peptone 
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What is the structure of the c asein m iceHes?. When whole casein is in 
solu‘a"irrco”nwfitffii. pH" and ionic strength as in milk, but at low 
Ca^^ activity, small aggregates form. There is no agreement on their size, 
diameters’ of 10-20 nm and molecular weights of 250,000-2,000.000 have 
been reported. Hence, they contain something between ten and one hundred 
casein molecules. \The,aRpregates,Jikfi. elobulacproteins.^'illhavc,ajense 
hydro phobic core, in which most h ydrophobic parts of the casein molecu les 
areTuried, and a more loosely packed, hydrophilic ouj^ layer^QomaiPing 
r^stoTtKFacrdic (c’arbox’ylic and' phosph<m(^ and some of_t heJb 9 ac.gmups. 
TfreTS5tK:iailornn‘cas6mTrilo*suciraggregates Bears some rese mblanc e to 
s oap'mic ellesTlwhlcH' implies ah equilibrium between free and associated 
molecules thafis far to the associated side. 

CBach of thes e sma ll aggregates of whole casein, usually callcd^ubjnissUss, 
c ontains different j:asein .moleculesTl However, they bannol be identical in 
composition, considering the molar ratio of the principal caseins (about 
a»i'(/3 + ‘y)*'<:a 53 = 8:8:3:2); the variability of their ratio, particularly of k- 
'casein; and the differences in glycosylation and phosphorylation of k- and 
o,j-caseins, respectively. Moreover, K*casein probably exists in milk as an 
oligomer, containing several molecules and held together by covalent bonds 
(-S-S- link ages). Consequently, there may well be essentially two types of 
suSmtcelles, with and without K-casein. 

\ Qn increasing the activity of Ca^* the association incre ases considerably . 
Und ^co ngi uons as in rnilk — w hich means In particular That besides Ca, 
phosphateJijjres^nt— the ^■miwns^ggregatwnto^micelles.-fHote-that 
the word micelle is used here lin'the wide sense of a small^aggregate of 
molecules, and not in the much stricter sense common in colloid science.) 
(Jhe calcium phosphate-acts-as a ceme nting apentlbul it is not known wh at 
bonds are involved. The aggregation would go'^unlil a gel or a precipitate 
K-casein, which thus acts as a “protective 
C-ter mmal part of K-casein i s very hydrophilic, particularly 
those molecule ihat contairwcarbohyOrate.'and it also has'a considerable 
negative charp. Presumably, this part of the molecule.sUcks partly.fiut into 
g£^rroun^inptedmm_as_a_flexible ‘:to,“jnore.orJe£s.behavins.as a 

chain. Consequently, a submicelle with K-casein would 
' aeereLinn (Section 12.2.4), and 

fth wav '“'i “ hindered, if not prevented. In 

micelle was^mn^ V^ submicelles would go on until the surface of the 
toe uLv less covered with K-easeiu. This does not imply that 

other casei^L. surface; the K-casein will be interspersed with 

reasoning above'Sst 'of ”*• ®ieelle deriving.from- the 

cHaihs'ofitsC terminare"'H ■ Ihe outsidcrand thc-protruding 

‘he micelto hairy_s„rf^(,h„u^ the hata 


and show 


thin to be observable with elcctroVii 


microscopy). The hairs are flexible 
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o submicetle 


y 


protrudng 

chain 


calcium 

"phosphate^ 


ngurel3.1. Model of a casein micelle, highly schematic MainlyafterD G SchmidtandT 
A J Payens, Surface Col/oid Sa 9 (1976) 165, W Slattery Bjop/tys Chem 6 1977) 59, and 
P Walstra, J Dairy Res 46 (1979) 317 


The micelle is fairly voluminous, but this term may be interpreted in 
various ways We will consider first the volume of the particles without the 
hairy layer Electron micrographs indicate that the voluminosity v is about 
2 ml per gram of casein About half of that volume may be in the submicelles, 
the rest is water, or rather serum, between the submicelles The serum inside 
the micelles, however, is depleted of part of the large solute molecules (See 
Section 17 2 2 ) The pore width in the micelle is probably a few nanometers, 
permitting easy access by many solute molecules but restricting the access 
of globular proteins Taking the hairy outer layer into consideration, micelle 
voluminosity is higher, on average about 4 ml per gram of casein It can be 
determined from hydrodynamic measurements (e g , from intrinsic viscos- 
ity) The hairy layer is included and has a constant thickness, so hydrody- 
namic voluminosity increases with decreasing micelle size 

The size distribution and some derived data are given in Figure 13 2 and 

Table 13 1 See Section 12 4 for general aspects of size distnbutions Some 



Figure 13 2. Example of the size fre 
quencydislnbution of casein micelles Num 
ber {N, left hand ordinate) and volume fre 
quency (V, nght hand ordinate) both in 
percentage of total per 50 nm class width, 
against micelle diameter id) After D G 
Schmidt P Walstra andW Buchhcim Neth 
mk Dairy J 27 (1973) 128 
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Table 13.1. Sire Distribution of Casein Micelles 


Parameter 

Full 

Distribution 

Without Particles 
< 20 nm 

Number per ptm’ milk 

600 

120 

Volume fraction (<|*) 

0.06“ 


Number average diameter d (nm) 

25 

65 

Volume-surface average, rfv, (nm) 

86 

104 

Relative width* 

0.4 


Mean free distance z (nm) 

240 

290 

Surface area (m**ml"' milk) 

4.0 

3.3 

Same of submicelles 

8.-17.? 



Note: Approximate values of some parameters. 

Source: Mainly after D. G. Schmidt, P. Wahtra, and W. Buchheim. Neth. Milk Dairy J. 27 
(1973);128 

•Including the hairy layer ~ 0.12. 

‘Standard deviation/average of the volume distribution. 


investigators have found a small number of very large micelles, up to 800 
nm diameter. The large number of very small particles concerns mainly loose 
submicelles; they comprise 1-2% of the total casein at room temperature. 

The casein micelles are not static. We may conceive three dynamic egui~ 
libria between the micelle and its surroundings; 


Between free casein molecules and submicelles. A tiny part of the 
casein is in true solution, but precisely how much is not known be- 
ill* difficult to separate dissolved casein from loose submi- 
^les. The equilibnum depends strongly on temperature. (See below.) 
The rel^ation lime (i.c., the lime needed to reduce a small deviation 
from the equ.hbnum to 1/e = 37% of its original value) appears to 
™ '0 "i" 50”C; these times 

Am ell "'r*' ?" however. Moreover, it is not certain 

win return A '“w temperature, 

in the same position or configuration they had before. 

■ fhrdvna„;ie °'''3 r'‘ The existence of 

Butthe sZtion i that of the next one. 

'■ ^flTw miime: M - ttt least 

the submicclles hence association equilibrium of 

mined primarily by the retZ "'^ 

notably content of calcium nh t" '' '““sein, but other factors, 
Of calcum phosphate, also affect it. Mixing of milks 
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with different-sized casein micelles, diluting milk with its ultrafiltrate, 
and changes in the salt composition of the serum (e g , pH, [Ca^'^D 
lead to (mostly small) changes in the size distribution Temperature 
also affects micelle size, as discussed below 

The model of the casein micelle as outlined here is to some extent con- 
jectural We consider it the model in best agreement with the numerous 
observations on properties and stability of the casein micelles, including 
renneting Several aspects of it are almost common ground among research- 
ers But other features, like the existence of two major kinds of submicelles 
and the hamness of the micelle, are a matter of debate, while the size of the 
submicelles and the relaxation times of the equilibria are still uncertain We 
will not discuss these problems at length m this book 

The casein micelles are rather variable, particularly in milk of individual 
cows Casein composition vanes, though not very much (See Section 6 3) 
The proportion of K-casein varies from about 9-15%, and this will be reflected 
in average casein micelle size, which may vary by perhaps a factor 1 4 
Volummosity varies by nearly a factor of 2 Variations in size and volumi- 
nosity may be caused partly by variation in the content of inorganic matter, 
usually from 6-9 g per 100 g dry casein Composition of inorganic matter 
may vary, too (See Section 4 4) Between micelles of one milking of one 
cow, the content of k casein (and even more of N-acetyl neuraminic acid) 
markedly decreases with increasing micelle size, while the content of calcium 
phosphate slightly increases with size 

The inorganic matter of the casein micelles is discussed in Section 4 4 
Suffice It here to state that it can be thought to be made up of countenons 
(K^, Na+, most of the Mg^*, and part of the Ca-*) and colloidal calcium 
phosphate, an amorphous salt The latter has a molar ratio Ca/P == 1 5-1 6, 
and It also contains some citrate and possibly Mg It is bound to and stabilized 
by the casein The quantity of calcium phosphate in the micelles increases 
on heating (Section 4 5) and very much decreases when lowering the pH 
The casein micelles will be dispersed into smaller units by any treatment 
that dissolves a considerable proportion of the calcium phosphate at constant 
pH, such as adding a Ca binder (like sodium citrate) or dialyzing against a 
Ca-free solution Small reductions in colloidal calcium phosphate do not 
cause significant changes m micelle size, though there may be both a partial 
disintegration and an increase in volummosity of the micelles, leaving their 
average size about the same Adding NaCI (i e , raising the Na^/Ca’* ratio 
and the ionic strength) also leads to partial disintegration All of these changes 
c an be reversed largely by bringing the milk back to its ongmal composition 
Raising the pH (e g , with NaOH) causes calcium phosphate to precipitate, 
and the micelles partially disintegrate Micelles disperse into submicelles 
when milk is subjected to high pressure (e g , 100 MPa for I h), this dism 
tegration is irreversible, and it ma> be caused by the formation of hydroxy- 
apatite from the calcium phosphate 
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The casein micelles also will dissolve when the submicelles dissociate. 
The molecules in the latter are held together mostly by hydrophobic inter- 
action and by H bonds in the hydrophobic interior of the submicelle. Con- 
sequently, addition of large quantities of urea or guanidinium chlonde dis- 
solve the micelles, and much smaller quantities of sodium dodecyl sulfate 
do the same. Electrostatic interactions (i.e., internal salt bridges) also par- 
ticipate in keeping the submicelles together, but they cannot be broken 
without dissolving the calcium phosphate. Reagents that break -S-S- link- 
ages do not disintegrate the micelles fully, as is to be expected, but it is not 
known v/hether less rigorous changes occur. 

Lowering the temperature (e.g., to 5“C) considerably affects the casein 
micelles. Hydrophobic interaction becomes much weaker, and part of the 
casein, particularly of the ^-casein, dissociates from the micelles. The vol- 
uminosity of the micelles increases, probably in part from increased “hair- 
iness,” as ^-casein chains may protrude from the micelle surface. A small 
part of the calcium phosphate dissolves. (See Section 4.5.) These changes 
may be the cause of the slight disintegration of the micelles; despite the 
increase in voluminosity, their average size decreases somewhat (e.g., by 
15%). 


13.2. COLLOIDAL STABILFTY 

The stability of casein micelles is a somewhat confusing subject. Several 
different treatments may lead to aggregation of the micelles. If the cause if 
a change in environment, such as pH or salt content, the lack of stability 
usually can be explained in terms of colloid science; the aggregation can be 
reversed by restoring the original environment. Aggregation also may be a 
sequel to a chemical change in the casein micelles; examples are renneting 

’■ *'“1 coagulation (Section 

13.5). In these cases, the aggregation is usually irreversible. Still, the colloidal 

a (nartiau'^ilil^nl^'^ lies in the definition of stability. Some treatments cause 
stlbte bm rinZ ^ TI" 'he milk ntore 

t Smems lrZ e ^ '“ve become so. Other 

is no oul^^rd V" '“^6cr ones; often there 

conditions now may cause°rte rafceSrfor’’''"^’ 

A third confusinsasKei ies^ ^n. “ P^“'P"al= oc a 8cl. 

the stability and in the het that mnst^ factors or treatments that affect 
in the micelles ConseQuLm- ““5= ™re than one change 

stability cannot explanation of casein micelle 

aange. Whole casein precipitates at its isoelectric pH (-4.6). 
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it loses Its net charge and forms internal salt bridges, and its high hydro- 
phobicity then will make the casein insoluble Casein can be salted out, like 
most proteins It is relatively sensitive to Ca-'^ ions, and a Ca^'*' activity on 
the order of 50 mM causes precipitation Probably, Ca^+ makes the casein 
much more hydrophobic by screening the ester phosphate groups The sta- 
bility depends much on casein composition, markedly increasing with in- 
creasing proportion of K-casein See further Section 6 3, where the differ- 
ences between the various caseins also are discussed 

Casein micelles are less stable than caseinate solutions They are relatively 
large particles, and Van der Waals attraction becomes important The de- 
crease in conformational entropy on aggregation is less than in the case of 
casemate Still, the micelles are usually stable under conditions as in fresh 
milk When they are sedimented by high-speed centrifuging, they form a 
gel like pellet, but this gel can be redispersed again in the supernatant 
The stability of the micelles usually correlates well with their voluminosity 
V This may be because a higher v may correspond with a more extensive 
hainness, hence to a stronger stenc repulsion (See Seetion 12 2 4 ) But v 
also may be correlated with the compactness of the micelle core, and Van 
der Waals attraction (Section 12 2 3) then will increase strongly with de- 
creasing V, because the Hamaker constant is m first approximation propor- 
tional to v~2 Taking the change m radius also into account, the attraction 
energy would be proportional to Another factor m micelle stability is 
presumably electrostatic repulsion The zeta potential is, for instance - 13 
mV at 20°C and pH 6 7, its absolute value increases with temperature (e g , 

0 3 mV K~‘) and with pH (e g , 0 4 mV per unit) 

Without calcium phosphate, casein submicelles do not form micelles, and 
the latter are generally less stable if they contain more calcium phosphate 
This may be the result of the correlation with micelle size and voluminosity 
Generally, a high citrate content of the milk correlates with a low content 
of calcium phosphate in the micelles In some regions a cow occasionally 
may give milk that spontaneously curdles after milking, the so called Utrecht 
milk abnormality It is probably related to an excessive concentration of 
colloidal calcium phosphate 

There are considerable differences in stability among lots of milk, and 
there are effects of season (perhaps stage of lactation) and individual cows 
Differences in casein composition, content of calcium phosphate, micelle 
size and voluminosity, and Ca-* activity all may play a part, these variables, 
of course, are correlated to some extent 

Several factors influence casein micelle stability 

1 . Salt composition affects Ca-+ activity ofthe serum and calcium phos- 
phate content of the micelles These vanables are closely related, 
and It is not known which of them is the more important factor af- 
fecting stability Examples of the effect of vanous additions are m 
Table 4 5 Addition of CaCl,, for instance, raises Ca-* activity and 
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micellar calcium phosphate and decreases pH, all of them being det- 
rimental to stability. Adding NaQ will increase ionic strength some- 
what and decrease calcium phosphate content of the micelles; it usu- 
ally increases stability. Sodium citrate addition enhances stability. 
Sodium phosphate may work either way: It lowers Ca}* activity, 
increases phosphate in the micelles, and may affect pH. 

2. Lowering the pH leads at first to dissolution of colloidal calcium 
phosphate (Figure 4.1) and a decrease in micelle voluminosity; some 
dissolution of micelles may also occur. A still lower pH (< 5.5) leads 
to enlargement of casein micelles, as micelles fuse. This may be 


caused by loss of surface potential. Figure 12.4 shows that the (neg- 
ative) zeta potential rises to about zero near pH 5.2. Most but not all 
of the colloidal phosphate is now lost. At still lower pH more phos- 
phate dissolves, and the casein starts to precipitate, though zeta po- 
tential falls again. Presumably, the colloidal calcium phosphate is 
positively charged in this region, while the casein still has a net neg- 
ative charge. Near pH 4.8 almost all phosphate is dissolved, and near 
pH 4.6, the isoelectric point, the solubility of casein is negli^ble. 
Now, casein rather than casein micelles precipitates. Acid precipi- 
tation is applied commonly to collect casein from skim milk. 

3, Temperature has a large effect. Near 0®C, aggregation of casein mi- 
celles is very difficult to achieve. Aggregation rate (for conditions 
where the micelles are unstable) has a Q,o of 2-5. according to type 
of instability and other conditions. Lowering the temperature in- 
creases volummosiiy, probably increases steric repulsion (S-casein 
chains now may protrude from the micelle surface), slightly increases 
decreases calcium phosphate in the micelles 
F “"d somewhat decreases average micelle 

mme reversed. Temper- 

dSon ^^W , precipitate formed by aci- 

c 0 ^ 0 ^ ?wh^„ T '"7'™“res give a liner, more voluminous pre- 

revrwt'ni'=":':iiT‘tpt sir 

4. Heat tteatmem of the milk to such an extent ih.i IF. . _ r 

of casein micelles arc discussed in ScctioriVa u properties 
be explained satisfactorily. ' cannot 

the '"icellcs. ft«l."Sy''ihe 'Th * “HP'CSdlion of 

of x-casein is lowered 
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occurs on adding large quantities of salts. The aggregation of casein 
micelles in frozen milk products also seems to be caused by salting 
out. (See Section 17.4.) 

Many of the effects causing instability are additive, for instance, low pH 
and ethanol. This principle has been applied in the alcohol stability test to 
detect sour milk; the lower the pH, the lower the ethanol concentration 
needed to cause coagulation. Another example is the decreased micelle 
stability in concentrated milk. Removal of water leads to a lower pH (hence 
a loss of surface potential), a higher Ca^* activity, a higher ionic strength 
(hence a lower solvent quality and a thinner diffuse double layer), and a 
higher concentration of colloidal calcium phosphate in the micelles. All of 
these factors lessen stability. In evaporated milk the micelles have become 
much larger (up to a new micrometers in diameter), and further concentration 
eventually leads to gel formation. 

Casein micelles may interact with other substances, affecting their stability: 

1. Some hydrocolloids, particularly K-carrageenan, bind to casein mi- 
celles. Electrostatic interaction of the negative carrageenan with pos- 
itively charged regions of k- and Osj-casein is involved. (See also 
Section 16.2.) Carboxymethyl cellulose interacts, possibly in a similar 
way, at pH 7.5. By adding an excess of such hydrocolloids, the casein 
can be precipitated and separated from skim milk. 

2. Most surfactants bind to proteins, largely through hydrophobic in- 
teraction. Small quantities of nonionic surfactants (< S mol per mole 
of casein) have little effect, but cationic ones (e.g., quaternary am- 
monium compounds) decrease the absolute value of the zeta potential 
of the micelles, thereby somewhat decreasing their stability. Anionic 
surfactants (e.g., sodium dodecyl sulfate) have the opposite effect; 
free fatty acids do the same, but they also may enhance stability by 
binding Ca^’^. Many surfactants, when present in high concentration, 
disintegrate protein aggregates, hence casein micelles. 

3. Casein micelles may interact with oil-water and air-water interfaces, 
for instance, during homogenization and foaming. Some interaction 
with fat globules is almost unavoidable; consequently, casein prep- 
arations always contain some fat (say, 1%), even after washing. 


13.3. RENNETING 

Many proteolytic enzymes are able to clot milk: this means that the milk 
forms a gel some time after a preparation containing the enzyme has been 
ad^drThe most used preparation is calf rennet, the actiw' principle of which 
is chymosin. 

Two sta ges can be distinguished in clotting or renneting: 
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- 1, casein » paracasein + whey prolcosc 
' 2. paracasein micelles * gel 

Rcnneting is the essential step in the manufacture of most types of clic«c. 
During cheese making there is usually a simultaneous production of laede 
acid by starter organisms. This affects the clotting reaction as well as many 
other changes occurring later. 


13.3.1. Chymosln 

Chymosin, sometimes called renntn, is an endopeplidase — E.C. 3.4.23.4, 
.MW 30,700, isoelectric pH 4.6-4.7. It is readily soluble in water. In .the 
abomasum (fourth stomach) of young calves a precursor, called prochymqsin 
_or prorennin, is synthesized. In an acid environment a peptide of some 5300 
MW is split off, leaving chymosln;jhis cleavage is to some extent autoca- 
^^ytic (i.e., the enzyme itself splits off the peptide). As the calf becomes 
older, its abomasum produces more and more pepsin (E.C. 3.4.23.1) and 
Jess and less chymosin. Bovine pepsin is very similar in action to chymo^n: 
jinlike_chymosln, it can hydrolyze the immunoglobulins of colostrum. Com- 
mercial rennets always contain some pepsin. 

Chymosin hydrolyzes protein molecules Into large peptides. Some peptide 
bonds are split much more easily than others, and it is the sequence of amino 
acid residues in a certain part of the peptide chain, as well as the exposure 
of that part, that determines the lability of a bond to cleavage. The higher 
the pH the fewer the bonds that can be split. At pH 6.7, it is only K-cascin. 

hlwt TT' ?■ .‘"i 'P''' “ reasonable rate. (See 

below.) The optimal pH for overall proteolysis is about 3 8 
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case . Sajt inhibits the proteolytic action, particularly on /3- casein . Unde- 
natured whey proteins appear to be scarcely proteolyzed by chymosin. Pep- 
sin can split more bonds of casein than chymosin at the same pH. 

13.3.2. The Enzymatic Stage of Rennetlng 

Chymosin (as well as many other endopeptidases) splits particularly the 
Phe-Met bond of K-casein (i.e., the bond between phenylalanine residue 105 
and methionine 106). In milk, at least 95% of the /c-casein is split. This is a 
relatively quick reaction, the turnover rate being on the order of 100 s~' 
(milk, pH 6.7, 30°C). Small peptides containing the same bond also are split, 
though the reaction is much slower than on K-casein; the rate increases as 
the peptide is a larger portion of the K-casein molecule. This implies that 
the part of the molecule containing the Phe-Met bond is exposed. Presum- 
ably, the positive charge of the region of the peptide chain (Figure 6.3) 
aceounts for a rapid and easy binding of the negatively charged enzyme 
molecule. The reaction has a Qm of about 3. Around pH 6.6 its rate is about 
proportional to the H* ion activity; it is not affected by Ca^*, but a certain 
ionic strength is needed. (See also Figure 13.3.) 

K-casein is split into para-K-casein and a case in omac rope ptide . (The latter 
is thus identical to the whey proteose, at least when only chymosin acts for 
a short time at milk pH.) The two p ojy^eptjdes have very differenl.prop erties. 
(See Table 13.2.) The para -.Kp:asein is insoluble in milk serum a nd also in 
t he absence of Ca^'*'. but it ca n be kept^in dispersion by the other caseins. 
The cas einomacropeptide is_very soluble, and it does not associate; it is 
p resent in whe y in an extende<l^conformation, almost as a random coil. ’^he_ 
casein omacro peptidejs heterogeneous because of the variation in glucide 
content. (See Section 6.3.5.) 

T he action of clottin g enzymes in millyi^ually is followed by determining 
t he amount of prot ein N becoming soluble. (See Figure 13.4.) Soluble pep- 
tides containing about 3.8% of the N are formed relatively quickly; this 
primary proteolysis pertains predominantly to splitting off the caseinoma- 
cropeptide. A much slower, pH-dependent secondary proteolysis follows, 
and it differs much among enzymes; this concerns not only the rate but also 
the peptides formed. The rate of secondary proteolysis has been used to 
assay the strength of rennet preparations, using sodium paracaseinate as the 
substrate. This works well for chymosin, but different enzymes usually have 
a different ratio of primary to secondary proteolysis. It is better and easier 
to use synthetic peptides and determine the rate of primary proteolysis. But 
even then the ratio of the rate of splitting of the peptide to that of primary 
proteolysis in casein may differ among enzymes. 

Attempts have been made to split casein (primary proteolysis) by means 
of immobilized enzymes, but the results are inconsistent. We know of no 
experiments that clearly prove that normal clotting can be produced in milk 
by immobilized chymosin. 
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Table 13.2. Properties of K-Caseln and the Polypeptides Formed by 
Chymosin Action 


Property 

K-Casein 

Para-K- 

Casein 

Caseino- 

Macro 

peptide 

Number of residues 

169 

105 

64 

A/W peptide chain 

19,023 

12,269 

6,754 

MV/ inclusive glucide 

-19,550 

12,269 

-7,280 

Percentage glucide 
residues" 

1.4 

0 

3.6 

Number of positive 
charges 

15.5 

12.5 

4.0 

Number of negative 
charges 

-19.5 

8.0 

-12.5 

Hydrophobicity (kJ 
per residue) 

5.0 

5.5 

4.5 

Number of SerP 
residues 

1.(2.) 

0 

l-(2.) 

Number of -S-S- 
bridges 

' 

1 

0 


"Average number of hexose and NANA residues per 100 ammo acid residues 


flocculat e. As shown in Figure 13.5, they only do so when by far the greater 
part of the K-casein has been split. Even then, flocculation at 30“C proceeds 
many times slower than the rate predicted for rapid flocculation. (See Equa- 
tion 12.8.) Consequently, there still may be some repulsion. 

The forces keeping the flocculated paracasein micelles together are prob- 
ably not exclusively Van der Waals forces. They certainly would be too 



Hsure 13^. Action of various proteolytic enzymes on milk. Percentage of the protein A/ 
becoming soluble after adding the enzyme. The dotted line indicates the N in the “caseino- 
macropeptide.” Approximate examples. Largely after C. Alais, Science du Lait, 3rd ed., 1974. 
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fjjure I3.S. Renncting of milk. Degree of 
splitting of K-cascin (S). aggreption of par* 
scasein micelles (A), and firmness (appros* 
imatelya j-ield stress) ofgc! (F)in percentage 
of their values at 40 min as a function of time 
after adding rennet. Only meant to illustrate 
trends. After various sources. 


weak for the smaller micelles. There is evidence for an exposed cluster of 
positively charged groups in para-K-cascin. If the side groups involved arc 
blocked or modified, normal clotting is prevented. This may point to elec- 
trostatic interaction between positively and negatively charged regions at 
the paracasein micelles. It often is assumed that hydrophobic bonding is 
involved. This cannot be ruled out, but the only evidence is the temperature 
dependence of clotting, and that can be explained in another way. (Sec 
below.) After the micelles arc flocculated, they lose their identity over several 
hours (i.e., they seem to fuse into larger units). Presumably, rearrangement 
of calcium phosphate throughout the micellar region occurs, and binding 
between paracasein micelles now may be seen as partly identical to the 
binding between submicelles in a casein micelle. 

Several factors affect the rate of flocculation (see also Figure 13.3): 


fraclion of K-casein that is split strongly influences the rate. (Sec 
Figure 13.5.) Other conditions being equal, a milk with a higher pro- 
portion of K-casetn dots more slowly. But as n-casein content and 
meelle size are related. .1 ,s ditricnlt to ascertain the primary cause. 
The temperature dependence is very stronc (O.,. =>» or n » t 
TOs should not be interprated as represeminf L aeUvatio; en eray 

apSthdTfm?' - r- as obrervedrn 

increases with of activation for flocculation strongly 

creased T temperature. This may be caused by in- 

:ra;dTd:cr"a”^^^^^ 

of the micelles. attraction, caused by swelling 
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6. Flocculation being a second-order reaction, its rate increases with 
increasing concentration of casein. 


Renneting or clottin g time (i.e., the time needed for formation of visible 
aggregates or,for formation of a firm gel) is the resultant of two reactions. 
T he enzvma tic.r eactio n is largely determinant, as flocculatioiTfirneTsTn^g- 
nifi cant compared to s plittin^ifiie. b ut 'thiris' not alw^s'so, particularly at 
low temperatu res. At 4°C, for instance, enzynte action may be'complele'in 
about 3 h, while clotting takes a week. This difference in rates allows the 
reactions to be separated. We may let the enzyme act at, say, 5°C, and after 
that clotting can be achieved very quickly (within a minute) after rapid 
warming to, say, 30°C. We also may separate the reactions by first lowering 
Ca content of the milk, then adding rennet, and adding CaCl 2 after the enzyme 
action is complete. 

Under normal conditions, sufficient rennet is added (say, 300 ml contain- 
ing 4 fimol of chymosin to a cubic meter of milk) to clot the milk in about 
30 min. The rule of Storch and Segeicke applies; it states that renneting time 
Ir is inversely proportional to rennet coneentration, c. This rule is empirical, 
not the outcome of some fundamental aspect of enzymatic or other reaction 
kinetics. Accurate measurements usually show 


K 

“ c + /„ 


(13.1) 


where to is on the order of 20 s and the inverse rate constant K varies, for 
instance, by a factor of 2 among lots of milk, or rather more between in- 
dividual cows’ milk. Usually there is a clear influence of season. The vari- 
ation in t, is smaller when CaClj has been added. Equation 13.1 is used 
commonly to determine c and consequently the strength of a rennet prep- 
aration. A standard rennet (preferably pure chymosin) has to be used as a 
reference because of the variability of K. 

A n additional cause for the variation in renneting time may be mastitis. 
M ost samp les of mastitic milk (as defined by a high leukocyte count) clot 
sIpwlyjunLyJeld.a weak gel; the explanation is not clear. 


13.3.4. Gel Formation and Syneresls 

The flocculating paracasein micelles first form small aggregates that often 
have an irregular and elongated shape. The aggregates then form a network 
with pores of a few micrometers in width. When fat globules are present, 
part of the pores are wider; these (and possibly other) particles must be 
accommodated. The fat globules are entrapped in the network and do not 
form part of it (unless they have some casein in their surface layers). As 
soon as a three-dimensional network forms throughout the milk, it becomes 
a gel or, to use a common term, a curd. The gel becomes firmer for a while 
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(Figure 13.5), and this implies that still more bonds between casein micelles 
are formed, despite the fact that almost all of the K-casein has been split. ^ 
Even after formation of the gel network, many more bonds between mi- 
celles can be formed in principle, because a much more compact packing 
of the micelles is possible. When this occurs liquid is expelled from the gel, 
a process called syneresis. The formation of new bonds is difficult because 
the rigidity of the network hinders reactive sites at paracasein micelles from 
reaching each other; this is purely a geometric or stcric hindrance. Probably, 
other bonds have to break before new ones can form. Consequently, the 
tendency to syneresis of the curd is small; usually the endogenous syneresis 
pressure that the contracting curd exerts on the liquid is only on the order 
of 1 Pa (corresponding to O.I mm of water). In practice, syneresis always 
is enhanced by applying external pressure to the curd or deforming it. In 
this way, some bonds presumably are broken, and new ones can form more 
easily. Very small pressure gradients, such as produced by stirring or by 
cheddaring, can enhance syneresis considerably. 


If the gel is constrained geometrically, syneresis is Impossible. But then 
microsyneresis takes place, which means that small regions in the gel shrink 
while larger pores are formed in adjacent regions. Liquid has to stream 
through the pores of the gel, and this causes a resistance to syneresis, the 
larger as the pores are narrower and the transport distance Is larger. There- 
fore, in cheese making the curd usually is cut into pieces. This considerably 
speeds up syneresis. Still, the center of a piece of curd may show little 
syneresis while the outer layer shrinks, yielding a lower moisture content, 
and (in extreme cases) a kind of skin forms. It takes a long time for the 
moisture distribution to become homogeneous 

Another cause for syneresis is shrinkage of the paracasein micelles. If the 
buiWragb ocks of a network become smaller, the whole network will shrink. 
Several factors affect the rate and extent of syneresis (see also Figure 
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virtually stops This is comparable in cause to the much diminished 
flocculation rate of paracasein micelles at low temperature 

Synerests (e g , expressed as the amount of whey expelled) is at first 
about proportional to (” ’ where / is time after cutting the curd Later on the 
rate decreases There is, of course, a lowest possible moisture content At 
high temperature (~ 35°C) and low pH (~ 5 2) the lowest obtainable ratio 
of water to paracasein is about I 2 (if no fat globules are present), which 
means that the curd has shrunk to about a fifteenth of its onginal volume 
If the curd is kept at milk pH, shrinkage to about a third of the volume can 
be achieved Moisture content after syneresis thus depends primarily on 
temperature, pH, pressure gradients applied, and fat content Fat globules, 
acting as passive spacers, hinder further shnnking In practice, syneresis 
usually IS stopped at the desired level by lowering the temperature 

Often, we want the shrunken curd grains to fuse into a more or less 
homogeneous and coherent mass Close contact between curd grains can be 
achieved by pressing them together But for the actual fusing new bonds 
between paracasein micelles have to be formed This is possible only if the 
pH still IS decreasing while the grains are pressed together Pressing after 
the pH has obtained its final value does not produce a coherent mass Adding 
Ca< 2 l 2 to the milk promotes curd fusion 


1 3.3.S. Effect of Heating 

A heat treatment of greater intensity than low pasteurization, thus involving 
denaturation of whey proteins, causes an increase in rennet clotting time, a 
weaker curd, and impaired syneresis If the heat treatment is severe (e g , 
30 min at 90°C) the milk does not clot at all The clotting time becomes even 
longer when the heated milk is kept longer and at a lower temperature before 
adding rennet Addition of CaCL can restore the clotting charactenstics of 
the milk to some extent, if the heating was not too severe If no whey proteins 
are present during heating, rennet action is not affected 

The explanation of these observations is probably as follows /3-lacto- 
globulin IS heat denatured and reacts with K-casein The k casein thus altered 
IS not (or IS less) sensitive to cleavage of the Phe-Met bond by chymosin, 
this pertains in particular to those k casein molecules which are poor m 
carbohydrate Consequently, rennet action is incomplete, and the casein 
micelles remain fairly insensitive to Ca-* On the other hand, the heat- 
denatured ^lactoglobulin and most other whey proteins become associated 
with the casein micelles (This leads to an increase m cheese yield, if the 
milk still will clot ) Heat-denatured /3-lactoglobulin is very sensitive to Ca-* 
Moreover, the calcium phosphate content of the micelles increases appre- 
ciably because of the heat treatment Consequently, the higher stability 
caused by the diminished cleavage of k casein is compensated for to some 
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extent by other factors. The di ssolution o f the e xcess calciu m phosphate 
during cold storage (see Secti^ 4.5) diminishes/the compensating^effe^ 


13^. AGE GELATION 


When sterilized concerUrated milk products are kept they, ofter^ gel, for 
instance, after one to twenlyTour months. Usually, the viscosit y of the 
product remains constant_for a long period, or,even slightly decr ease s; then 
it suddenly rises (age thickening), and sooi^lhe milk forms a ge l that canno t 
be redispersed. (See Figure 13.6.) The casein micelles have formed_a_net- 
__work, but the explanation is still uncertain. It appears as if two different 
mechanisms may be responsible. 


One is proteolytic breakdown of the casein, making the micelles juscep- 
tibl^o aggregation, somewhat as in renneting. This may happen i n UHT 
milk because proteinases, particularly some bacterial proteinases, may be 
sjifficienlly resistant to heat treatment. Keeping the raw milk for sor fre~da ys 
at a low temperature then may aggravate the problem considerably, because 
of the growth of psychrolrophicjaacteria producing heat-resistant proteTn- 
ases. However, not every proteinase (or combination of proteinases)“cauies 
gelation, and sometimes the casein just dissolves, leaving a clear soUHon 
(if no fat is present) and a sediment of calcium phosphate. In exlreme"cases, 
gelation occurs within two weeks. Milk proteinase (plasmin).Tf presenulnay 
cause dissolution of casein rather than gelation. 

The second, more common mechanism is even less understood. Chemical 
W poinis to chemical cross-linking. The pfmapal 

variables have a very different effect on cither instability. Age gelatiotraTso 
occurs in the absence of whey proteins. Blocking of th^olirSups do^not 
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prevenl gelation; nevertheless, it is fairly certainjhat^redqx reactions are 
involved.' Maillard rea ctions h ave been held responsible, botl T forl cauiing 
and for delaying gelatio n. Prob ably, several reactions areinvolved, and under 
differ ent conditionsjorfo£different products the mechanismTesponsiblemay 
well be (partly) different. " 

TAge gelation typically, occurs in highly, concentrated products at hjgh 
temperature and takes a long time. A similar phenomenon occurs during 
stor age of milk powi^en it.s_prptein becomes insoluble slowly. Th e following 
factors seem to affect gel ation , but it is unknown jvhat mechaniiST^ias 
respjmsible during the experiments performed to estimate the"effectsrso 
there m ay be exceptions: ~ ' 

Differences occur among lots of milk, often with a marked effect of 
season. 

Z^Degree of concentration influences gelation. Plain sterilized milk hardly 
ever gels, while milk concentrated to a third of its volume nearly 
always does after long storage. Obviously, there is an optimal con- 
centration for gelation; m milk powder, the higher its water content, 
the sooner its protein becomes insoluble. This parallels the devel- 
opment of Maillard produets. 

< Increasing temperature generally accelerates gelation. (See Figure 
13.6.) A Qxq of about 4 sometimes has been found, but it may be quite 
variable, and values less than 1 have even been reported (i.e., quicker 
gelation at lower temperature). 

Ar^Intense heat treatment delays gelation. Consequently, it is typically 
a problem in UHT products rather than in (concentrated) milk ster- 
ilized in bottles or cans. Preheating the milk before concentrating it 
in the manufacture of evaporated milk has no effect, but heating the 
concentrate to temperatures above IIO'^C for several minutes im- 
proves the stability to gelation. 

Cold storage of evaporated milk, after concentrating but before ster- 
ilizing, considerably accelerates gelation, also if no bacterial protein- 
ases are formed. Perhaps, O 2 uptake is involved. 

Addition of sugar delays gelation, particularly when added after con- 
centrating. The explanation is unknown, but it allows the manufacture 
of sweetened condensed milk of good keeping quality without apply- 
ing intense heat treatment. 

Addition of polyphosphates (e.g., 2-3 g sodium hexametaphosphate 
per 100 g casein) considerably delays gelation. (See Figure 13.6.) Such 
phosphates bind to protein, particularly to K-casein. Addition of or- 
thophosphate has no or an adverse effect. Consequently, polyphos- 
phates should be added after sterilization; they are hydrolyzed to 
yield orthophosphate at high temperatures. The addition of CaCU or 
the alteration of pH usually has little and often nonconsistent effects. 
Addition of MnS 04 , ZnSO^, or FCSO 4 usually delays gelation. 




6 . 


7 . 



248 


Casein Micelles 


Homogenized UHT cream also is susceptible to age thickening. Now the 
casein-covered fat globules participate in forming at first aggregates (thereby 
appreciably increasing viscosity) and eventually a gel. Besides the variables 
mentioned, those affecting the amount of casein associated with the fat 
globules influence the rate of gelation. (See Section 14.4.) Addition of Ca- 
sequestering agents or sweet-cream buttermilk before homogenization thus 
causes delay of age thickening. 

The slow insolubilization of the protein in frozen milk (Section 17.4) may 
be similar to age gelation, though it is more likely to be a salting-out effect. 


13.5. HEAT STABILITY 

When milk is held at temperatures above the boiling point it eventually 
coagulates, the higher the temperature the sooner. Few subjects in dairy 
chemistry have been studied more intensively and are understood less. 
Nevertheless, important practical results have been obtained, and these will 
be stressed in this section. It is by no means an endeavor to review ex- 
haustively the multitude of observations and hypotheses on heat stability. 


13.5.1. Phenomena Involved 

It IS the casein that undergoes heat coagulation. The cause is not heat de- 
naturation as suffered by globular proteins. Casein is not dcnatunble and 

lhS‘o7‘the\tt d"‘‘''I“ "lilk is much weaker 

than that of the heat denaturation of proteins. (See Section 10 2 1 The casein 

calcium phosphate leaves the aggregates inta^rn. bnkages, or dissolve 
of the casein must have occu^ed iu‘ 

phorizaiion, partial hvdrolv«tt« anH oown that casein suffers dephos- 
temperatures. (See Section IO.’b.) cross-linking reactions at high 

Heat stability usually is defined ac .• 
agulation of milk at a given temperature tiT' visible co- 
reaction determines the rate of coagulation question is what 

renders the micelles unstable aflCT which ‘^h'^mical reaction 

meet, regardless of conditions suclH,..,^ *!'' “^^Sate as soon as they 


meet, regardless of conditions’sucl^e soon as they 

ehangc of P-lactoglobuhn that enables ft 'hq h=ht-induced 

the rate of the ehemic.i »ith a-caseinl. In that case 

ps the casein 


•berate of ,hechemfta, "ronW™lt7^ 

micelles have to come close together before Perhaps the casein 

tween them can occur. In that case ihe ^ cross-linking reaction be- 
micelles, hence colloidal aspects mav ‘"*®'^ction energy between the 


aspects, may be rate T ^ between the 
y oe rate determinant. (See Sections 
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12 2 and 12 3 ) It appears that colloidal interactions come into play, though 
they are not the ultimate cause of the coagulation 

Figure 13 7 shows examples of the dependence of coagulation time on 
pH, and it suggests that at different pH different reactions are rate deter- 
mining It also follows that the pH dependence can differ among individual 
milks Most cows give milk of type A, some give type B, mixed milk is 
generally of type A But the shape of curve can show more variation than 
indicated in Figure 13 7 The pH optimum (if present) can vary from 6 6 to 
6 9 among lots of milk Consequently, the pH of the milk itself can be below, 
at, or above the optimum To compare the heat stability of lots of milk, we 
therefore should determine it at a range of pH values, including that giving 
the maximum stability 

The pH as given in Figure 13 7 is at room temperature before heating At 
high temperature the pH will be much lower, but this is mainly a result of 
the increased dissociation of water, and a lower pH does not imply a more 
acid environment (See Section 113) The precipitation of amorphous tri- 
calcmm phosphate at high temperature, thereby liberating protons, causes 
a further decrease in pH Furthermore, acid is produced dunng heating, and 
the pH (as measured at room temperature) at the time of coagulation will 
be much lowered, the more so as the time needed for coagulation is longer 
and the temperature higher The rate of change of pH also depends on the 
initial pH (Figure 10 1) and on the availability of O 2 , because this is needed 
for the formation of acids from lactose The rate of acid production during 
heating is certainly the most important factor m the heat coagulation of 
(unconcentrated) milk The pH at coagulation is always low (< 6 2, as mea- 
sured at room temperature) Keeping the pH at its original value during 
heating by adding alkali prevents heat coagulation, even after several hours 



Figure 13 7. Examples of the heat coagulation time (mmuies at 140*C) of milk as a function 
of pH 
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of heating. The apparent activation cnci^y for heat coagulation is usually 
equal to that for acid production. 

A solution of Na-caseinate is very heat stable (more than I h at I40'’C 
and pH 6.7) though it eventually coagulates. A dispersion of casein micelles 
in a milk-salt solution is far less stable; the heat stability shows a pH de- 
pendence like type B. (See Figure 13.7.) Adding lactose to the dispersion 
decreases heat stability over the full pH range, undoubtedly because more 
acid is formed during heating. It appears that the colloidal stability of the 
micelles is important. The lower the pH and the higher the Ca** activity, 
the lower the stability. Also, increasing average size, decreasing volumi- 
nosity, and increasing content of calcium phosphate of the micelles decrease 
their heat stability. At high temperatures, the amount of calcium phosphate 
associated with the micelles increases. (See Scction4.5.)The role of colloidal 


phosphate is, however, different at higher pH (roughly > 7); it now increases 
the heat stability, presumably by its buffering action. 

If ^-lactoglobulin or whey proteins are added to a suspension of casein 
micelles in protein-depleted milk scrum, the heat stability curve usually is 
converted from type B into type A. At low pH (roughly < 6.7) heat stability 
IS increased, and this may be caused by the /3-lacloglobulin diminishing the 
rate of decrease of the pH. At higher pH coagulation time is remarkably 
decreased, causing a minimum in the curve. Reactions of thiol groups are 

argcly e irainates the effect of 0-lactoglobulin. Most probably, it concerns 
excess 0 f'!"eaf*“" because addition of an 

aUo nlav TZ 'yp' But other factors 

icdvitv ar' V Pf.PolIPWel calcium phosphate and/or the 

„ activity are very low, there is no minimum, despite the nresence of 
tn rS*"- Heat-denatured P-lactoglobuHn is very sensitive 

predominantly involves the larner casein ZZ' ^ ^ '^P“* 

tains a high proportion of calcium nhu i, I ^ coagulum con- 

sensitive to Ca-Tons after heTur^r"^ '^- that are 

the same effect as /3-lactoglobulin ViS. “''cctalbumm) have more or less 
phosphate on heating. ' ^ Proteins also can bind calcium 


13.5.2. Important Variables 

:ec?„rnS;rp„“"?,^r^ 

-noftheeftectofs„m^ariab,:rra^'’e"en?:nT^^^^^^^^ 
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Test Conditions. Heat coagulation times decrease with temperature. 
(See Figure 13.8.) On average, Q,o is about 3, apparent activation energy is 
about 150 kj-mol"' throughout most of the pH range, though g,o tends to 
increase somewhat at higher pH. Among lots of milk Q,o may vary consid- 
erably (e.g., from 2-7). 

At pH above 6.7, heat stability (of unconcentrated milk) tends to decrease 
considerably with available Oj. Hence, a larger headspace volume and rock- 
ing of sample tubes during heating may decrease coagulation time, for in- 
stance by a factor of 3 at a pH near 7. This must be caused by the increased 
rate of acid production. 

Composition. The wide variability in heat stability among lots of milk 
must be caused by differences in composition. There is usually a large effect 
of season (coagulation time may vary by a factor of 4), presumably for the 
greater part caused by stage of lactation. The variation between individual 
cows also is considerable. 

Part of the variability follows from factors involved in colloidal stability: 
Ca®'*' activity, casein micelle size, phosphate content of micelles, and their 
voluminosity. Variation in protein composition appears to be too small to 
have much effect on heat stability. The most important component causing 
variation mostly is urea. Average coagulation time may be 14 min at 140°C 
for milk with 0.25 g of urea per kilogram of milk, and 26 min for 0.5 g-kg"‘; 
such variations are well within the normal range of urea contents. The action 
of urea is partly through its slight inhibition of acid formation. At higher 
temperature urea is converted partly into ammonium cyanate, and this com- 
pound can block e-amino groups and affect thiol groups of the proteins. A 
watertight explanation has not been given. Urea content has no effect on 
coagulation near the minimum in the pH curve. 

Concentration. The heat stability of concentrated milk is considerably 
less than that of milk. (See Figure 13.8.) Highly concentrated (skim) milk 
(e.g., > 40% s.n.f.) gives a firm gel on heating, even at temperatures near 



figure 13.8. Heal coagulation lime (f. minutes) of milk and evaporated milk as a function of 
lest temperature, content of solids-not-fat of the milk, preheat temperature (duration, e.g., 4 
min), and homogenization pressure. Approximate results from various sources. 




252 


Casein Micelles 


lOO^C. There is little correlation between the heat stability of fresh milk and 
that of the concentrated milk prepared from it. Urea content, for instance, 
generally has no influence on the heal stability of concentrated milk. The 
coagulation mechanism is probably different, at least over much of the pH 
range. The difference in heat stability Is especially striking at pH above 7; 
here, the stability of evaporated milk is very low (mostly < I min at HO’C), 
while most unconcentrated milk is very heal stable, (Sec Figure 13.7.) This 
implies that the decrease in pH during heating up to the coagulation point 
(which is considerable in unconcentrated milk) is insignificant In concen- 
trated milk, which also points to a different coagulation mechanism. Con- 
ceivably, heal coagulation of concentrated milk at not loo low pH is similar 
to age gelation. The concentration as such causes the pH to decrease and 
the pH optimum also shifts to a somewhat lower value; there Is no minimum 
in coagulation time. Figure 13.8 gives the coagulation time at the pH opti- 
mum. Milk concentrated by ultrafiliraiion (rather than by evaporation) is 
much more heal stable than evaporated milk. 


Preheating. For unconccnlratcd milk, preheating mainly causes a shift 
of the heat coagulation curve to lower pH values, and the stability at the 
pH optimum is hardly alTeeted. But a very intensive preheat treatment (c.g.. 

"rJZ Td h 0^" 'h' "hole pH 

range, and the minimum in the curve disappears. Perhaps the second heat 

must be caused at least nani k’ beneficial elTect of preheating 

of this protein to the milk deercLes the hem l!:'“''°B'‘>holin: addition 
but this decrease can be eliminated .arge.yt; p^oprr^rehTmrnr"'' 

heat stability. NaOlTor^st'mSe's'Ha enhance 

also can be used for this pu^e P”' 

stability, presumably beeausTit lowert Ca=‘ 

Agents that interfere with frecTrf . 

of N-elhyl maleimidc already has U c„®h “P^ hcneficial. The effect 
to milk before evaporation considei^hl ^ ''‘*‘*'•'0" of 0.05% HjOe 

centrated milk; higher additions beMme'u ?"'" "“'’"‘‘y of the con- 

Cu- per kilogram of milk, a“h“Tna a » ">8 

gives a marked increase in heat stabilirv r ^ evaporation, usually 
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that are effective are like urea in that they diminish the rate of acid production 
during heating. 

Homosenizatlon. This process is discussed in Section 14.4. Suffice it 
here to say that it causes a considerable transfer of milk protein, predomi- 
nantly micellar casein, from the plasma to the newly formed fat globules. 
This phenomenon must be involved in the detrimental effect of homogeni- 
zation on heat stability. Homogenization of skim milk makes no difference, 
and the heat stability of fat-containing products decreases with increasing 
fat content and increasing homogenization pressure, both of which go along 
with an increase in the amount of protein transferred. In the case of cream, 
this seems to be the main factor in determining heat stability. Examples are 
in Figure 14.10. It shows that higher homogenization temperatures, up to 
about 70°C, lead to a lower heat stability. Still higher temperatures or pre- 
heating of the cream drastically reduces coagulation time. 

Homogenization has little effect on milk, but it renders concentrated milk 
far less heat stable. (See Figure 13 8.) The detrimental effect can be offset 
for a considerable part by preheating the milk before concentration. The 
effect of homogenization temperature seems to differ from that in cream. 
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Nearly all of the fat in milk is in separate small globules, some 0.1-15.0 
in size. Milk is thus an oil-in-water emulsion, and this fact has several 
consequences for its properties. No emulsion is entirely stable. Any physical 
or chemical reactions in the fat must start separately in each globule. All 
interactions between fat and plasma must occur across the interface between 
the phases. These observations apply to most milk products as well. 

Some physical properties, such as color and viscosity of milk and its 
products, are influenced particularly by the dispersed state of the fat. Other 
properties, such as refractive index, osmotic pressure, and freezing point, 
are not influenced significantly by the fat because it is not dissolved. Electric 
conductance and dielectric constant are affected somewhat by the fat glob- 
ules, but the predominant variable is the aqueous phase. Most effects men- 
tioned , and others as well , depend on fat content and its composition . Several 
also depend on the size distribution of the fat globules. 


f4.1. PROPERTIES 
Size Distribution 

General aspects of size distributions are discussed in Section 12.4. An ex- 
ample of the number and volume frequency distributions of milk fat globules 
is in Figure 14.1. U is seen that milk contains very many small globules, 
which comprise only a small fraction of the total fat. The total globule number 
is about 15 x lO’’- ml"' of which about 75% are less than I jim in diameter. 
The number average diamcler, is therefore small, on average about 0.8 
Mm. But the large number of small globules is difficult to determine, and 
this implies that estimates of dj® usually are not accurate. We prefer to use 
the volume surface average diameter dv.; it is on average about 3.4 Mm for 
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Figure 14 F. Average size frequency distnbution of the fat globules m milk of a Fnesian cow 
(dv. =■ 3 4 pm fat content 3 9%) Number (At /Ad) and volume frequency (% of the fat) are 
given per micrometer class width After P Walstra Neth Milk Dairy J 23 (1969) 99 


milk of several breeds of cow The relates total fat volume to its total 
surface area, and this is an important parameter, for instance, in studies of 
the fat globule membrane Fat surface area mostly ranges between 1 2 and 
2 5 m^ g“ ' of fat 

Besides average size, the width of the size distnbution should be consid 
ered, we use the surface-weighted relative width izi, defined in equation 
12 15 For milk from one cow cr, equals about 0 4, it varies little among 
cows The shape of the volume frequency distribution is almost constant, 
too, among individual cows’ samples, though average diameter and total 
amount of fat vary widely^This implies that the different size distnbutions 
can be made to coincide merely by altering the scales In mixed milk, the 
distribution naturally is somewhat wider, oi of about 0 45 

Figure 14 2 shows that the size distribution of milk fat globules has some 
peculianties Apparently thedistnbution can be split into three subdistnbutions 

1. Small globule, comprising most of the globules (e g , 80%) but only 
a small percentage of the fat 

2. Mam, comprising most (c g ,95%)ofthefat,thisistheoneofconstant 
shape 

3. Large globule, a small tail of very large ones 
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N./id 



ngure 14.2. Number frequency (NilAd per millili* 
ter per micromeier class width, logarithmic scale) 
versus diameter of fat globules in a milk with small 
and one with large fat globules. The dotted lines in- 
dicate a division into subdistnbutions. After P. Wal- 
stra. Nelh. Milk Dairy J. 23 (1969):99. 


subdistribution may vary m average 

with stagronLtatlon^yeTHgu,e”iT3'’)^^^^^ individual cows, and 

greally by treatment, particulariv bv n™ be altered 

Examples of siaepa.;Lters are’^vL rS'MrK 

tions from the quoted values may occur. ^ ’’“t fairly large devia- 





valuni*^'^' globule size (average d„ 

nSi.t.S',"”’'’' Ho'n'io-Friedan cow,. 
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Table 14.1. Approximate Examples of Some Parameters of the Fat 
Globule Size Distribution of Milk and Milk Products 



% 

fat 

w/w 

d„ 

(gim) 



mean free 
distance* 

Milk Product 

o* 

(jim-')“ 

(fim) 

z/d.. 

Whole milk, Fnesians 

3 9 

34 

0 45 

0 077 

12 2 

3 6 

Whole milk, Jerseys 

52 

45 

0 45 

0 077 

12 0 

27 

Homogenized milk 

3 5 

06 

0 85 

0 380 

23 

4 1 

UHT milk 

10 

03 

0 85 

0 790 

1 2 

4 1 

Light cream 

10 

3 5 

0 45 

0 190 

45 

1 3 

Homogenized cream 

18 

1 0 

0 95 

I 200 

06 

06 

Whipping cream 

35 

40 

0 50 

0 590 

07 

02 

Evaporated milk 

8 

04 

0 85 

I 300 

06 

1 6 

Sweetened condensed 

8 

1 0 

0 90 

0 530 

1 I 

1 1 

milk 

Ice*cream mix 

10 

06 

0 90 

1 100 

07 

1 2 

Separated milk 

0 04‘ 

1 3 

0 50 

0 002 

500 0 

380 0 


Note From vanous sources . , , 

M « surface area per unit volume of product \ urn ' ^ i fxm * 1 m ml ' 

'’Equation 12 18 
‘'Globular fat only 


14.1.2. Composition 

Fat composition is discussed in Sections 5 I and 5 2 It varies among eows, 
so the fat globules in mixed milk differ in composition Mixing the milk gives 
the serum eomponents a homogeneous distribution but obviously does not 
do so for the fat Even in the milk from one milking of one cow, fat globules 
differ much in composition, judging from their refractive index n" The 
spread (standard deviation) in n” among globules is about 7 x IO-^ and 
the spread of ii" of milk fat among cows at any one time is often about the 
same Compare this with the range of about 15 x 10 in n" for average 
milk throughout the year It follows that in an average milk about a fourth 
of the fat IS in globules having a very firm (high-melting) fat and a fourth is 
in globules with a very soft (low -melting) fat 

It often has been assumed that fat composition is correlated with globule 
sire, but the only cicarcut case of such a rel ition stems from the fact th it 
sm ill globules hav c a greater amount of membrane lipids and tint the latter 
differ greatly in composition from the core lipids (.Sec Table 5 I ) The glob- 
.ules have on average about 4 mg of membrane lipids per square meter of 
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surface area (0.8% of the fat), and thus globules of 0.4, 2.0, and 10.0 nm 
diameter contain 6.50%, 1 .30%, and 0.26% of membrane lipids, respectively. 


14.1.3. Fat Ciystalllzation 

Crystallization of milk fat is discussed in Section 5.7. We will restrict our- 
selves here to some aspects of crystallization of globular fat. The main 
difTerences between fat crystallization in globules as compared to that in 
bulk are: 

1. Supercooling can be much deeper because of the limited number of 
catalytic impurities for nucleatiori. (See Figure 5.5.) Nuclealion at the 
globule boundary (at the inside of the membrane) does not occur 
normally, at least not above 4®C. 

2. Crystallization often is isothermal because heat can be removed easily 
from milk or cream and not so easily from a crystallizing bulk fat. 
This causes differences in polymorphs and in compound crystals. 

3. Crystal size is much smaller in globules, partly for the trivial reason 
that crystals must remain less than d. But crystals in globules arc 
often much smaller than d (Invisible in a light microscope), for reasons 

not rnllv ^ ” 


■ Section 12,1.4, crystals should be held at the oil-water 

freetnwE'rHowevef =“][> ‘his gives the lowest surface 

each other by Van dcr’ WaaifforeL a^d as'thcT'’""’ 

them texcpnt nt a; , , V repulsion between 

They are anisometric so thcy"MsUv fom”'"'"!’’'' 

is held This orevents thpm f ^ ^ network in which the liquid fat 

globule is deKed ‘he OW interface. But when the 

attached to the interface forming churning), crystals may become 
arrange themselves parallel to this outemost'f'"’ 

arrangement also forms spontaneouslv forTnV 

can be observed easily in a polarization reasons. This alignment 

elobulcs then show a WrXenT'Zr 

least some of the crystals then oarilv i' *' ttssumed that at 

, It should be not?d thatt 

layers of apparently crystalline fat can micrographs concentric 

globules, but this may be an artifact bera.^ boundary of some 

such a configuration. there is no other evidence for 
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ever, change in the emulsion is desired in processes such as separation of 
cream from skim milk, aggregation of globules in the whipping of cream and 
the freezing of ice cream, and breaking of the emulsion in churning. 


14.2.1. Types of Instability 

Various types of physical instability can occur, as illustrated in Figure 14.4. 
Often, these changes cannot be differentiated by simple visual observation 
but, for instance, by microscopy. It should be realized that the various 
changes may occur simultaneously. Some changes (e.g., creaming) always 



SEGREGATIOW 


Figure 14^. DifTerent types of emulsion instability. Simplified and highly schematic. Fat is 
gray. After H. Mulder and P. Walstra, The Aftlk Fat Globule (Wagenmgen: Pudoc, 1974). 
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occur, though possibly very slowly. Flocculation and coalescence have an 
activation energy; thus, they may be retarded or even prevented unless 
energy is applied to accelerate them. 

The situation is more complicated than given in Figure 14.4 because dif- 
ferent types of aggregates may occur, as illustrated in Figure 14.5. We have 
given these types arbitrary names because there is no generally accepted 
terminology. The aggregates; of course, may be composed of numerous 
globules.. 

In Jloccules, the_globules keep their identity and do not actually touch; 
atfractive for ces between Jhe globules afc_fairly wc'ak. andVic oTous st irring 
uTually^s unTces t o_disrupt ihe.fiocculcs. Rocculatinn docs nouhappcnjior- 
mally with natural milk fat globules, as is discussed in Sections 12.2.3 and 
^hBl.y.?l?~5rJ^^-fly£Pprotc ins in t he membr ane arc re * 
sponsible for_m^t__oMhe_(steric),rcpulsion between globules* en zyma tic 
sphttingoflhescglxcoprotcmcauscsjhegloljulcs'lo flocculate. Flocculation 
oTftt globules mny.pccuiLin.thc.cold.by.mcansof,nKluiinin.'(JccS?HISn 


I n cluitc^. the elofatl es ar e h e ld tpgelhe^ior^clrongly. We may ens’ision 
lay^7S3:^hat two globulcs^arc i «rtain amount 
of sujfap matenal. Clustering docs not happen where' the glob'ulcOSc 

if they arc covVred with plasma 
proteins, as caused by homogenization or olfc processes lendinn to fat 
globule damage-. Cluslers usualircan ni. be disr^p'e^ry im e 

Clustering may occur in heat coaXClsl^rion'l^ ^ 

enization (Section 14 4) tJ>cction 13.5) and dunng homog- 

<:oalesceJhmher_into,a 

wtSPhappens-when a-ghiSOIcnrwJSnid Z I' '2.2);,nn_ittuiis 

the fal Liquid faVis needed asT sticking nge7w; au' 
gran ule as a collection of globblBs held loeeih, ^'“'“-"’=>>'-=13510" a 
b etween them. The energy needed ir, ,r ' jf liquid f al 

(mo^rleastl(rikrforadoublel).andu3dmk®'“"“'“ 

With a velocity gradient of some 10’ s- ' to dlsm^ them^ vigorous stimng 


V 







gmie 

Highly schematic and not to scale. 
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vigorous Liquid motion can promote coalescence The shcanng action of 
the flow apparently may bnng two globules that encounter each other closer 
and longer together, thus facilitating coJesccncc Morcoscr, the rate of 
encounters increases with the velocity gradient or shear rale Slill, only a 
very small proportion, say 10~*, ofthc encounters would lead to coalescence 
Figure 14 6A gives some idea of the effect of shear rale 
Fat content has little effect on the disruption but particularly affects co- 
alescence (See Figure 14 6B ) This may become obvious when looking at 
Figure 14 7 The smaller the mean free distance z, the higher the probability 
of two globules meeting each other If z becomes very small the globules 
cannot avoid each other when the liquid flows, and this further enhances 
coalescence Finally, at very high fat content, the globules inevitably arc 
pressed together Agitation of 80%-fat cream usually causes a phase inver- 
obtmned^^ ^ (jlmost butler) is 

S'obules are pressed logclhcr somewhat by gravitational 
[he em™ lavlr 'Vhen the fat starts crystallizing in 

a fanlv^M cm™ -T 'J™'"?'' strongly It leads to 

tnvertL wUh^Uhe ^ 

ratfnnt "'‘"=n •>«: "alcr is removed (c g by evapo- 
Seemu"on 'I' l[adVto breahrg 

of milk products some eoalesce'lee ^sl oc'’[ufs“'^ Dunng drying 

.ofu;:teTnSL\rc:[L7‘ 

sequently, in a Dolvdisner^c globules arc very stable Con- 

pceially prone to eoales«nee Thiypvetuinlre 

Still faster, and the process mav ,h,^ ® which coalesce 

are formed suddenly This applies if ihrlirh 

If the globules are ful ly tamd an^ thf Vv ' 

■y liquid and the milk is aguated, the large ones 
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Figure 14.7. Illustration of the mean free distance between fat globules in milk and cream. 
The line segments indicate e, Equation 12.18. Remember that a true 

given in a two-dimensional diagram. After H. Mulder and P. Walstra, The M,lk Fa, Globule 


(Wageningen: Pudoc, 1974). 


formed by coalescence eventually will be disrupted again, because the La- 
place pressure (Ayld) decreases with increasing size and the shearing stress 
(tjG) remains the same. Consequently, for a certain shear rate there is a 
maximum globule size that cannot be exceeded. This is illustrated in Figure 
14.6D, which shows at zero solid fat content a fairly high (initial) rate of 
coalescence (solid line) but no formation of visible (i.e., large) granules 

(broken line). , . , , i j . .u 

The ,ne,„bra„e or surface layer of the globules largely determines the 
repulsion between them and thus the ease of coalescence; it has other effects 
on coalescence stability that are less well understood. Natura fat globules 
are rather stable, though there are differences among lots of milk and though 
■ shear and creaming may induce some coalescence, even at blood temper- 
ature. In recombined milk, the fat globules have a surface layer of plasma 
proteins, and this imparts a very good stability under most conditions. But 
. if the surface layer is mixed, part being natural membrane, part plasma 
protein, as occurs after homogenization, the globules are much less stable 
(In homogenized milk, though, globules are too small to coalesce readily.) 
During hLdling of milk, fat globules are damaged easily, particularly by 
contact with air, and this produces mixed membranes to some extent. Con- 
sequently, the globules become less stable to coalescence. 

If the milk contains surfactants that can replace part of the membrane or 
proteinaceous surface layer, stability is even further impaired. Such surfac- 
tants commonly arc included in ice cream. The globules should aggregate 
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dunng the freezing and beating process, but owing to previous homogcni 
zalion they would be too small to do so by coalescence Addition of sur 
factants (preferably before homogenization) m^cs partial coalescence possible 
Still stronger effects can be obtained by adding large quantities (c g , 39^) 
of some surfactants to milk or cream Heating then suffices for the emulsion 
to break This is applied to collect most of the fat from a sample of milk, 
for example to determine fat acidity 

Temperature affects many of the vanables mentioned Generally, at high 
temperature both rate of coalescence and case of disruption increase This 
may give alterations in globule size distnbution during pasteurization ancT 
stenhzation The liquid motion is important, too, of course, so the result 
much depends on the type of equipment 

Cooling to low temperatures seems to dimmish irreversibly the protective 
function of the natural membrane This is particularly clear when the tem- 
'<> S“C (e g , 2 h) then warming to 
and It ^ ^ produces a strong increase m its viscosity, 

limited deme process is called rebodying, and it is caused by a 

wa mme m 40"r T' ‘"‘‘““d by the temperature cycling (on 

warming to 40 C several globules now coalesce) 

ocularly mc°refrh?r" "n'"""* “““ considerable coalescence, par- 

logelher by the growing icrc^srar"''' 

of free far’.^mthowLkiTOmeJh^”*’"'” ** “ content 

before (Section 12 1 2) uncovered to i^ch°e" “"'"''‘'B‘‘"on As stated 
than 0 L s The mean,n„ of ^ '"milk for longer 

ihemeanmgofthe test results therefore is highly quest, enable 

14.3. COLD AGGLUTINATION 

2£. ‘g .a san , a gg|umuii ms^iiiF ans 

^gens fe_g . b actenarhyh ;hi.-,-n:i,^v~°^n^hIUto2dy-l0J^ 

I^odar weiglulbout molecules, mo 

^ OyTrElabulihr5?r ?;^lSg^VSM!!^ abou t la-nm, 

an£|jossiDiy Other nrnTpmc (predominantly leM) 

belo_w 37^C'and-^TS5,,a,e 
aum^esjiot involve sficilic antieen-3T f lowered Cold agglulin 
OIL can be coprecipitated The optimal mn binding, any particles pjes 
orapluiinatiop.isaboutO 04jVf acaecliii'''r™'°" “fJBonovalent cations 
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Judging from the time lag (e.g., 30 min) before the floceulation (see 
below) takes off, the preeipitation proceeds much more slowly than 
would be expected from Brownian motion (at a rate about 10“^ times 
that predicted by equation 1 1 .8). d" S-&- 

2. (The globules have thus become “sticky,” and they flocculate at a 
rate in agreement with equation 1 1.8. Because cryoglobulin is so large 
and because only a small part of the globule surface is covered, the 
repulsion between the globules will not hinder their flocculation ap- 
preciably, as they need not come nearer than some 30 nmT] 

3. L The floccules become fairly large, which causes them to rise very 

rapidly. 

4. [Large floccules overtake smaller ones and single globules, sweeping 

those out of the plasma, thereby enlarging themselves and rising still 
fasterT] 

jin this way, a cream layer forms rapidly (e.g., in 1 h) in cooled milk, even 
in a deep vessel. The floccules are loosely packed, the globules occupying 
25-50% of the volume, and the cream layer may contain only 20% fatT] 
However, the actual mechanism of creaming probably is more compli- 
cated than the series of events outlined above. They do not explain the time 
lag in the initiation of rapid flocculation. Furthermore, the amount of cry- 
oglobulin in milk is itself insufficient to cause flocculation. There is evidence 
that its effect is enhanced by a lipoprotein that is present. The lipoprotein 
alone does not cause flocculation, but it interacts with cryoglobulin so that 
a much lower concentration of the latter is required for cold agglutination. 
We call the active principle, consisting of lipoprotein and cryoglobulin and 
possibly other components, agglutinin. 

ffhe agglutinin content of milk varies among cows; its concentration is 
high in colostrum and decreases with advancing lactation. Mixed milk usually 
contains it, but the amount is not always sufficient to produce appreciate 
flocculation. The milks of buffaloes, sheep, and goats do not contain agglutininj 
[Agglutinin is inactivated by heal. (See Figure 10.4.) Homogenization or 
ev^ prolonged vigorous stirring of milk (or skim milk) also inactivates ig 
Homogenized fat globules flocculate in the cold if sufficient agglutinin is 
present in relation to the enlarged surface area of the fat globules. Jr- 
[Stirring milk at low temperature impairs agglutination because the agglu- 
tinin becomes associated with individu.il fat globules. Warmi'ng such milk 
to 40°C dissociates agglutinin from the globules and largely restores the 
ability to flocculate when the milk is cooled agaidTj 
^Agglutinin is found in the cream when milk is separated cold and in the 
skim milk when it is separated warm. Cold agglutination of fat globules 
concentrates bacteria in the cream. This is partly nonspecific flocculation, 
but some streptococci are bound specifically to the fat globules. The agglu- 
tinin evidently contains specific antibodies for these bacteria and precipitates 
like any cryoglobulin onto the fat globules. 
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144. HOMOGENIZATION 

The purpose of homogenization usually is not to make, but to keep a product 
homogeneous The main effect is the disruption of fat globules into smaller 
ones (Figure 14 8), which slows down cre^mg But it also imparts other 
effects to the globules Their tendency to disruption or coalescence during 
handling is much diminished (Section 14 2 2), aggregation of fat globules 

(not involving coalescence)may occur on heating or sounng(Section 14 4 2), 

and deeper supercooling is needed to induce crystallization (Section 5 7) 
Moreover, some side effects occur (See Section 14 4 4 ) 


I44.I. Disruption of Fat Globules 

OaAhsmogemzeMElhs mmmoiUMe^Uus brouc hi imHir^ h,;;h p rt^ssure 

3.sht.m-a-spnng 

jMde^vjlve The liquid allams a high velocilv 


(14 I) 

Wv-lThe-Tl^h s^200 m s- for P = 2 0 

dissipairdTirmTS iSH ie and 'Uhe_amDumpOC,energy 

Sjn IS typically 10'Uiii!rviri;T^-Tr^T“^^ ils_average m a homogenizer 
1 li—TLra S uch high energy densiues lead l6 ^ 
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intense turbulence if_^^^ynolds number is sufficiently high; typically, the 
Reynolds number is some 407D0(rin'a"pro'ductK)n*homogehi2er. ( Turbulence 
im plies that- the-flow-h^eddiesVan d thesep rd duSe local fluctuations in liquid 
velocity and pre ssure . The pressure fluctua tions can_^terupt particles FfTIie 
lattei~arenuid or not strong enou gh to withstand tfie~'SreS'.''The_ energy 
density determines the size of and the velocitV~in'lhe'eddies' .~ hence the local 
pressures and the distances over which they occur. Particles smaller than 
the srnallesTeddies generally cannot be disrupted7TaBle 14.2 gives examples 
of tjie effects created. 

(Where the flow .V-elocitv.ui.the.vatye sliLis-aLits maximum. local pre^ure 
i s less tnaaS T A negative pressure may cause cavitation ti.e .. t he formation 
arid very sudden cnll an.se.ofi-vaDor-bubblesl. Tim collaps^produces heavy 
shock waves, and these also may disrupt, p articles . The degreeTcTwHlch this 
happens in homogenizers varies. In most cases, globule disru ption primarily 
will be caused by turbulent ed^iesT) 

For a ce rtain valii r nt , there will be a critical globule size ric,; larger 
gl obules are disrupted, smaller ones are not. It follows ffbm~tuT bu1erice 
theory that c/„ is proportional to Conditions and consequently^Twill 
vary through'bufthe'slit'iri tKe hbmogenizer yalve. T his causes a wide' His~ 
t ribution ot~gln hule~si'7es. It also implies thaCrepeafinghomogenizatjon under 
vihe same conditions decreases both average globule size (dv,) and distribution 
width (g -.). BesTdes dis ruPtiQn-ofgtobules^ome coalescence will take place, 
and this also widens the_size distribution. 


Table 1 4.2. Average Effect of Homogenization 


Homogenizing Pressure (MPa)" 

0 

5 

10 

20 

40 

Temperature rise (K) 

0 

1.2 

2.5 

5. 

10. 

Diam. of smallest eddies (/xm) 

0 

0.31 

0.24 

0.18 

0.14 

Number of fat globules 

0.015 

2.8 

6.9 

16. 

40. 

Average diameter c/v, (^m) 

3.3 

0.71 

0.47 

0.31 

0.21 

Maximum diameter'’ (/am) 

lO.O 

3.2 

2.4 

1.6 

1.1 

Specific surface area (m^ ‘ml'* 
milk) 

0.08 

0.38 

0.56 

0.85 

1.25 

Distribution width cr, ( — )*■ 

0.44 

0.89 

0.85 

0.83 

0.82 

Strokes parameter // (/im^)*' 

20.00 

2.20 

0.87 

0.36 

0.16 


Note: Approxinutc values for a milk Hiih 4Cc fat. 

Sourxrc: Mainly after H. Mulder and V. Walstra. The Mitk Fat Globule. Pudoc. 197-t. 
->■1 Ml^ucorresponds to 10 Bar. 9.87 atm. 10.2 kgf cm’*. and 145 ps i. 

^99^f the fat is in smaller globules. ' 

'Equation 12.15. 

■‘Equation 12.14. 
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Several factors alTccl the result of homogcniz.ition Sonic of them arc as 
follows 


1. Type of homogenizer At the same pressure different types of ho- 
mogcnizer valves may cause quite different results; ip may differ and 
i = Flip Moreover, the spread in e throughout the slit may differ, 
resulting m variation in a. Figure 14 9 gives examples 

Other types of machines, sueh as high speed stirrers or ultrasonic 
generators, also may homogenize milk, but they arc less effective 
They need a higher-energy input to obtain the same results as a high- 
pressure homogenizer Size distribution may be very wide 

2. Homogenizing pressure This is the mam variable, i is proportional 
to ^ because € = PU^, and tp is proportional to as -follows 
from equation 14 1 Under conditions of intense turbulence, d(, is 
proportional to and consequently to P-®* If distnbulion width 
is constant, the ratio of d^, to is constant, and we obtain a similar 
relation for Jvi, hence 


logdv. == const - 061ogP (14 2) 

The constant vanes among homogcnizcrs, but the slope (-0 6) docs 
machines) (See Figure 14 9 ) The Stokes 

d,ametrsquared,‘’fcllows“ “ 


log H = const - 1 2 log /> 


(14 3) 


'=°''ruscd w,th ho- 

surc at the ex.l of the firsfvaWc 'xhls “J 

ivc this tends to increase cavitation 
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and may enhance slightly globule disruption. There is no significant 
homogenization in the second valve slit. 

4. Fat content and ratio of surfactant to fat. These affect the extent of 
coalescence of the newly formed globules; they determine the prob- 
ability that the latter collide before they have acquired a surface coat. 
In most milk products the surfactant (i.e., usually plasma protein) is 
relatively abundant. But in high-fat cream it is not so, and homoge- 
nization of such a product yields an average globule size and a dis- 
tribution width higher than'in homogenized milk. 

5. Other product properties. The viscosities of fat and plasma and the 
nature of the surfactant present all affect the result somewhat. 

6. Temperature. The effect of temperature relates particularly to fat 
crystallization. Globules with solid fat usually cannot be disrupted in 
a homogenizer. Figure 14.10 summarizes the effects of some variables. 

V 14.4.2. New Surface Layers 

) Homogenization cojisideraWy enlarges the fat surface (Table 14.2) and thus 
creates denuded~fat;*the natural membrane material cannot spread out ap- 
preciabf v' to' cdveFa larger area, though most of it stays at the g lobules, "l^e 
denuded fat is covere d la rgely by plasma proteins, that means casein mi- 
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tlsurc 14.10 The ctrecl of conditions during homogenizution on product properties (m, c. 
end e denote only for millc. cream, and esaporaled null., respectisely). As erage globule diameter 
14..). thickness of surface la) er If. m mgm - »). degree of cluslenng. creammg rate, and l.me 


needed for heat coagulation arc giscn as a function of Pee«“"; o"' “n >»o-tlase homogeni- 
rittion. temperature, and contents of fat and solids-nol-fal. Highly schemalic; broken lines are 
less certain. From carious sources. 
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celles, (partly) spread casein micelles, and whey prolcms^as discussed m 
Section 12 1 2 Figure 14 11 depicts this new surface layer 
(ih^surface layer may not be formed by a mere adsorption of plasma 
proteins Spreading already has been mentioned Coalescence of new ly fo rmetT 
globules can occur, causing a loca l decrease in surface area, which tends to 
compress the layer and to increase its thickness The transport of proems 
to the fat surface is not caused by diffusion but largely by convcctiojn 
because of_lhe-very-jntcnsc turbulence This causes an extremely quick 
coverage, calculated as less lhanJO ns under most conditions It also cause s 
preferential adsorption of larger protein particles or molecules '{The ra^c 
of transport toward the fat is roughly proportional to protein concentration 
and to (tfg + dp)^, where g and p denote fat globule and protein particle, 
respectively This has several consequences 


^J^Casem micelles are adsorbed preferentially over whey proteins For 
example, casein may make up 93% of ihc dry mass of the surface 
layer and cover some 75% of the surface area 
Large micelles arc adsorbed preferentially over small ones 
3. These differences are largest when t/, is about equal to dp The small- 
est globules thus will have on average the heaviest surface layer 


C:rh_e layer is best characterized by the surface excess P (i e . the mass-of 
“-"^^!Lrface areaU A rough average for P m homoge- 
" buOtdiffers among silcs_on_one globule, among 

globules, m on^ilk sample, anldargcly because of difference m IreatmcntJ 
among sapipISrilt should be stressed that f”as given h^rrpenmnfrthc 
amount of dry protein per unit area Because the protein pan"clliarly Ih= 
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The following factors affect T (see also Figure 14.10): 

1. Factors affecting globule size, primarily homogenization pressure. 

2 . The rate at which a casein micelle can spread over the OW interface. 
This appears to increase with temperature; when homogenizing at 
70°C, r is much lower than at 40°C. 

3. Heating (e.g., 20 min at 80°C). This causes whey protein to associate 
■ with the casein micelles, and this whey protein no longer can cover 

the OW interface as such. Casein micelles may coalesce into large 
ones during heating; this happens in particular in evaporated milk. 
Consequently, F is higher when high-heated milk is homogenized, 
and evaporated milk may have globules with very thick layers. 

4. The presence of surfactants that can replace proteins in the OW 
interface. This tends to lower F. (See Section 12.1.2.) Addition of 
sweet-cream buttermilk, monoglycerides, or Tweens before homog- 
enization thus may lower F considerably. 

(jhe partial coverage of fat globules with casein makes them behave to 
some extent like large casein micelles. Any reaction that causes casein mi- 
celles to aggregate, such as renneting, acidification, or heating at very high 
temperatures, also will cause the homogenized fat globules to aggregate. 
Moreover, aggregation will be quicker, because the homogenization has 
increased effectively the content of micellar casein, the more so when fat 
content is higher] This has several consequencesil 

1 . Sour products made of homogenized milk have different rheological 
properties from those of unhomogenized milk (Seetion 16.3); the same 
applies to cheese made from homogenized milk. 

2 . Homogenized cream may coagulate to some extent in coffee (i.e., 
show feathering). Feathering also depends closely on temperature, 
pH, and Ca content of the coffee. 

3. Heat stability (i.e., the time or temperature of heating that a product 
can withstand before coagulating) is decreased; in crcam,Jiomoge- 
nization is the main variable influencing heat stability. (See Section 
13.5.) 

t4,- Before heat coagulation is noticeable, fat globules may aggregate to 
form clusters. These may cause excessive creaming. 

All of these effects arc about proportional to the amount of casein trans- 
ferred from the plasma to the fat globules. (Sec further Figure 14.10.) The 
addition of surfactants before homogenization thus will increase stability to 
heat coagulation. On the other hand, it will decrease stability to coalescence. 
(Sec Section 14.2.2.) 
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'’‘'14.4.3. Homogenization Custers 

Dunng homogenization, when a partly denuded fat globule collides with 
another globule, one casein micelle may become attached to two globules 
at the same time, and a cluster is formed Such a cluster will be broken up 
again by turbulent eddies If, however, too little protein is available to cover 
the newly formed surface fully in the short time available, clusters will be 
formed again and finally may persist Then they probably are formed just 
outside the valve slit of the homogenizcr, where turbulent intensity is too 
low to disrupt clusters but sufficient to let the partly denuded fat globules 
collide The new surface area AA is about proportional to 4>P° where 4> 
volume fraction of fat The spiecific area that can be covered by protein 
roughly equals [proteml/F Consequently, fat and protein content, homog- 
enization pressure, and the variables determining P determine the degree of 
clustenng (See Figure 14 10 ) The most important variable is fat-to-protein 
ratio A cream with less than 8% fat can hardly be made to cluster by 
homogenization, in a cream with more than 15% fat clustenng usually cannot 
be avoided Clusters are disrupted again to some extent m a two-stage ho- 
mogenizer, provided that the pressure drop m the second stage is much 
jailer than (e g > 30 % oq ^^at in the first stage, otherwise, new clusters 
would be formed The disrapt.on of clusters leads to some coalescence 

cluslers'^o so ur'h'* “Seregale. homogen.zat.on 

m,he"lt°rus of =fructs Lnt.oned 

after^oroZ.^^^^^^^ oream, soured 

Obtams a thick, paLhke cor.sTcSct A 107 flrh'' '""Pf 

Th,scanta:"b7s:ra«^^^ 

and mixing it again with the skim mill c ' ''0"'OB'='»zing the cream, 
viscohzed milk Homocenixmi. ^’*“o'’“P™duct has been termed 
sometimes is apS“sre®„;\T ““ "”’""8 '* o'* 

partial homogenization In order m ™o80n>zation cost, it is called 

the cream should contain at most 9%7a"t'Tnd‘‘h"'''‘"’'"®°'^'''“''“*’ 
perature should be high, say, ^ homogenization tern 

14,4,4, Other Effects 

Homogenization of milk has a number of other effects 

■ty (See SectioTu*'')’''^ because of the increased scattenng capac- 
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2. The tendency to foam increases. (See Section 15.2.) 

3. The milk rapidly becomes rancid by lipolysis, unless sufficiently pas- 
teurized. (See Secti on 5.5.) 

4. The pronenessTolat autoxidation, whether induced by light or by 
copper, is reduced. (See Section 5.6.) 

5. Leukocytes, if not removed beforehand, are broken up and may give 
a visible sediment on standing. 

6. The larger casein micelles are broken up if homogenization is done 
at high pressure. Compare their size, up to 0.3 /am, with that of the 
turbulent eddies. (See Table 14.2.) The fragments reassociate to much 
the original size within about 10 min. Otherwise, milk proteins hardly 
are affected by homogenization, apart from their adsorption onto and 
possible changes at the OW interface. 

7. The cold agglutinin is inactivated. (See Section 14.3.) 


14.4.5. Recombined Fat Globules 

Milk fat can be emulsified into skim milk to make recombined milk. Usually, 
the (final) emulsification is done with a homogenizer. Consequently, the 
recombined fat globules are rather similar to homogenized ones, but they 
do differ in some respects. Recombined globules have a completely new 
surface layer, as depicted in Figure 14.11, while homogenized globules are 
' partly covered with natural membrane material. Table 14.3 summarizes these 
and other differences among the globules in the various milks. 

Of course, we can emulsify and homogenize milk fat in other liquids (e.g., 
buttermilk or whey), obtaining different surface layers that give the globules 
(hence the product) different properties. The fat also can be altered. (See 
further Section 17.7.) 


14.5. CREAMING 

[Because of the difference in density between fat globules (p, = 920 kg-m"’ 
at room temperature) and milk plasma (ft, = 1030 kg-m'’), the globules tend 
to ris^ This causes creaming, which we often want to prevenl.tand it enables 
milk to be separated into cream and skim milk. Creaming is mUch enhanced 
when the globules have been aggregated into flocculcs, clusters, or granulcsr 
VVe will consider first the creaming of single globules. 

From Archimedes’s principle, the field force on a submersed spherical 
particle of diameter il is i n-d* (Pp - pt). where u is the acceleration defining 
the field, whether from gravity or to centrifugation. The globule attains a 
velocity c and. according to Stokes, the frictional force acting on the globule 
is irrJ-q v. where tjp is the viscosity of the plasma (not of the milk). Putting 
both forces equ.d. we obtain the Stokes velocity 

V. = -«(Pi. - PiW^/ISi/p 


( 14 . 4 ) 
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stable 14.3. A Comparison of the Properties of Natural (N), 
Homogenized (H), and Recombined (R) Fat Globules 


Property 

N 

Mi 

R 

Size Distribution 

Average diam c/vi (/itn) 

3-5 

0 2-1 0 

-H 

Stokes parameter H (/im^) 

15-40 

0 2-4 0 

« H 

Surface area (m* g"' fat) 

1 3-2 2 

7-34 

« H 

Fat Composition 

Difference between globules 

yes 

= N 

no 

Fat Crystallization 

Supercooling Needed (K) 

-20 

25-35 

~ H 

Surface layers 

Mam component 

lipoprotein 

both 


Natural membrane of area) 

almost 100 

5-10 

0 

Fat Deterioration 

Lipolysis 

liule 






< N 

< H 

Changes in Dispersion 

Globule disruption 

Cold agglutination 

possible 

« N 

« H 

Heat coagulation 


< N 

H 

Coalescence 

no 

possible 

> H 

possible 

« N 

< H 


For gravity creaming a equals e (9 81 m 

where R is effective radius of the cenlnfiiv’e “ field a = Ret 

radians per second In a milk separator n “8ular velocity i 

Numerous conditions must be'^fulfil|edfortnT '^“^°“‘ * 

mention only a few equation 14 4 to hold We wi 

'■ ^hriri^mSre-c^se" »= very low. say, < IQ- 

curients®astobancLlw!,y?TOcurefr™^ motion or convcctio 
ules dunng gravity creaming ^ small (say, < i ^m) fat glol 

3. Globules should be smooth spheres tk 
mogenized fat globules (See Figure 14 ii)^ 
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Nevertheless, Stokes’s equation is useful as a reference and to show the 
approximate effect of several variables. 

Because the fat globules in a sample differ in size, the proportion q of 
the fat reaching the cream layer per unit time may be calculated from 

g = S N.d? vJD 2 (14.5) 

where D is the depth of the layer of milk. Assuming equation 14.4 to hold, 
we have v = v,, thus proportional to d^. This makes q proportional to H = 
S5IS3, equation 12.14. Combining equations 12.14 and 14.5 with 14.4, we 
obtain for the case of gravity creaming 

q ~ 470 (Pp - pdHIripD (14.6) 

as the fraction of the fat creaming per day, when the other variables are in 
S.I. units. The equation only holds as long as H is virtually unaltered; as 
soon as the milk just below the cream layer becomes depleted of the larger 
globules, q decreases. Usually, q remains roughly constant as long as total 
creaming (Q = So q dt) is below 0.4. 

In practice, the fgll^qwng/actors mainly determine the extent of creaming: 

1. r Local acceleration, duration of creaming, and distance over which 
'"creaming must occur.Hn a separator these factors may vary consid- 
erably among globules in different sites. 

2. pGlobule size, not only because of equation 14.4, but also because 

small globules are disturbed most by Brownian motion and convection 
currentsl In homogenized products, the smallest globules have the 
thickest surface layers; their density may even be higher than that of 
the plasma, causing them to sediment downward. 

3. fj'at content. (See Figure 14.12.) For gravity creaming, the mutual 
hindrance of globules disturbs their rising very muchjjfor certain 
conditions, the average rising velocity was found to be (1 - d’f " 
times the Stokes velocity. For 7% fat (w/w) this reduces creaming 
rate to half of the Stokes rate. In centrifugal creaming the relation is 
different, and up to 7% fat the deviation from equation 14.4 is small; 
the explanation is outside the scope of this book. 

4. iTemperature affects primarily (pp - ptl/pp. (Sec Figure 14.12B and 

the appendix. Table A.22.) p, increases when part of the fat crystal- 
lizes Consequently, supercooled fat globules cream somewhat faster 
than partially crystallized globules at the same temperaturen 

5. (Addition of thickening agents, usually polysaccharides like locust 
^ean gum or carboxymelhyl cellulose. These increase Ppt hence they 

slow down creaming^Hcating of evaporated milk also increases Pp. 

It should be realized' that the relevant viscosity is that at the losv 
velocity gradient around rising globules, and that may be higher than 
the viscosity as measured in a viscometer where the velocity gradient 



276 


Milk Fat Qobules 



Figure 14 12. Creaming of single fat globules (A) High pasteunzcd milk creaming under 
gravily (g) or in a centrifuge (c) as a funcuon of Stokes parameter (//) and fat content, conditions 
were taken so that the products of acceleration and creaming duration uere equal, Q =» fraction 
of the fat creamed (B) Efficiency of separation in a milk separator, fat content of skim milk 
and p (p^ p,)/i,^ as a function of separation temperature Approximate examples TTie 

Ma.„l,ar„rP W:a«n..ndH Oodu.jn. 


no^vSr.p‘" H*”"' When aJd.ng K-caragecnan. lha 

the cLain (‘'"■'■■“'one or .n combination with 

Cream 

thaf rnS 'FirL%Tr.rn"®v“ rs ? "rt"” 

difference between curves e and'^c m p’ “ centnfugal test, the 

of the value of such a lest Annro* 'gure 14 I2A gives some indication 
products are m Table 14 4 examples of creaming rale in some 

theskimradkasp?slSe!™dt"hfs^llerXr?^''' 

mg takes sc little time febout 3 Because ereant- 

orously on entenng the separator Vn?H streaming vig- 

ncglected Usually, Stokes’s law aonhes Elobules can be 

of fat in small globules and the wider the ' ^ greater the fraction 

above), the higher ,he fat conlem m .V Pomt 1, 


content of the skTm Z i '■“"“‘•mns (see poinl 

, ■ - - temperature the^ re 

found and predicted (broken line) nrn'tviPi ^‘Barence between the values 
Qobules in the separator at high (cmreralure a^**' a ‘''^™P“o" °f fa* 

dunng handling will merease^e fal ™nS otre ‘‘‘t™*’""" globules 
Creaming of single globules mav ‘ m>*h 

or low Pasteunzcdm.lkifthctempcralureV"p”®*' P“‘=anzed milk, in raw 

milks In these casesTh^ ' ^O’C, and m most 

u i .an ” "» large ones ■n.e” eIpBuIcs 

sually contains 40-50% fat This fat J^i relatively thin, 

fat content is still much below that for 
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Table 14.4. Creaming Rate in Some Milk Products 



(p-PtVvp 

(ks'm“^) 

H 


q {% per Day) 

Product 

(cm) 

Eq. 14.6 

Corrected" 

Pasteurized milk 

50. 

10.-50. 

20 

12.-60. 

8.-40. 

Homogenized 

milk 

50. 

0.8-1 .5 

20 

P 

bo 

0.5-1. 1 

UHT milk 

40. 

-0.2 

10 

- 0.4 

-0.2 

Evaporated milk 

2.5 

-0.4 

5 

~ 0.1 

-0.03 

Condensed 

milk* 

0.07 

4.0'^-50, 

5 

0.03-0.30 

0.01-0.12 


Note: Approximate examples of the percentage of the fat reaching the cream layer, cal- 
culated for creaming of single globules at constant temperature (— ZOT) in containers of height 
D. 

‘’Rough estimate, taking into account effects of fat content and of thick surface layers. 
'’Sweetened. 

'Slightly homogenized. 

the closest packing of undeformed spheres (about 70%; compare Figure 
14.7). Nevertheless, many globules almost touch each other, and this may 
give rise to partial coalescence, particularly when part of the fat crystallizes. 
Consequently, the cream often is not redispersed easily. 

(Sny clustering, whether caused by homogenization or by heat coagulation 
of homogenized fat globules, will enhance creaming considerably. The size 
of a cluster compared to the size of a single globule has a much larger effect 
on rising rate than the decreased density difference; a cluster of one hundred 
globules would probably rise fifteen to twenty times as fast as a single globuig 
[The creaming of raw or low-pastcurized milk in the cold is determined 
effectively by the flocculation of the globules by agglutinin. (See Section 
14.3.) The main variables affecting this “natural” creaming arc summarized 
in Figure 14. 13T] There are large differences among lots of milk.[Natural 


a 

1 



Usure 14 13 Gravity crcaining in coIJ raw initL. EITccI of crcnining time (f). creuming lem* 
Kratuic (’r» ’temperature of prewurnting ir during 30 nun) und fat globule rite (d) on the 
fraetion creumed (Q). p - higlt parteutiied mdL. Approimute evample, from v unou. source,. 
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creaming leads to a deep cream layer, containing relatively little fat, generally 
about 20% The cream can be dispersed easily throughout the milk by shaking 
or stimng^The fat content of the skim milk is usually between 0 1 and I 0% 
if the creaming temperature is low (e g , 5T) Because the rising floccules 
comprise large and small globules, the ditTerencc m average globule size 
between cream and skim milk is relatively small (Sec Figure 14 13 ) 


Literature 

Fundamental aspects of emulsions, including homogenization, arc discussed 

P Bechcr cd Enciclopedia of Emulsion Technology vol 1 (New York Dckkcr 1983) 
Several aspects of this chapter are treated in more detail by 

Homogsnaat.on s effect on f« globule s.ze was studied by 
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Interactions of Milk With 
Air Bubbles 


Milk and milk products interact frequently with air bubbles. Milk products 
may foam; sometimes it is a nuisance, as in the handling of separated milk; 
sometimes it is desired, as in the whipping of cream. Classical churning is 
based iargely on interaction of cream with air bubbles. The milk proteins 
and the fat globules mainly are involved in the interaction, and they are 
changed by the contact with air. This is discussed in Section 12.1, which 
should be read for a better understanding of the present chapter . 


15.1. GENERAL ASPECTS Of FOAMING 

A liquid can be made to foam by beating in air, but only if the liquid contains 
a surfactant. Othenvise, the layer of liquid between two air bubbles would 
flow away immediately, almost falling down as a drop would do. But if a 
surfactant is present it adsorbs onto the air— liquid interfaces, and now the 
liquid flow produces an interfacial tension gradient. This gradient exerts a 
stress on the liquid, and the interfaces now act to some extent as solid walls, 
considerably retarding the downflow of the liquid between the bubbles. In 
this way, the bubbles formed persist long enough to form a foam. 

A foam also can be made by generating bubbles in the liquid, for instance, 
by injection, or by expansion if a gas has been dissolved in the liquid under 
pressure. In these cases, the above paragraph docs not apply precisely, but 
a surfactant still is needed to avoid immediate collapse of bubbles reaching 
the liquid surface. The sequence of events is usually as sho\sn in Figure 
U-l. regardless of the method of making the foam. But the extent offoaming 
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njure 1 5 . 1 , Formauon and structure of a foam 
Schematic (A) Bubbles ofvanous size are formed 
by beating atr mio the liquid (a bubble foam) 
(B) Bubbles nse start to deform each other 
liquid drams away a polyhedral foam forms 
bubbles dissolve (C) Drainage conunues 
|md bubbles coalesce unbl the foam is fairiy 
homodispcrse (D) With solid particles the final 
1 ^* foam IS much lower From H 
^Ider and P Walstra The Milk Fat Globule 
twagcningen Pudoc 1974) 


the foam 

degree ^ ”“""8 “self may destroy the foam to some 

A foam made from an aqueous hamd l 

m-waler emulsion, both are disucrsi™. r =““0100 with an oil- 

hqmd There are, however, several difT ° “Polar fluid phase m a polar 
tension between the two phases 15 relaiivIf"i^V" P^hoe The inlerfacial 
ten times that m emulsions Conscquenllv "tN "> roughly 

higher (Section 12 1 3 ), and small bubbles’ ^“P'aoe pressure tends to be 
over, they rapidly dissolve again (OstwaM difficult to make More- 

pressure and the solubility of Lmwa" a 

and since they differ much in density from ra '’“>>'’les are large. 

‘^‘1“““°“ 14 4 mo^ a^' continuous phase they nse 
IJu a , “ “ foam layTon , ‘ 

bubbles! 

A foam may change in vanous ways 
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Liquid may drain from the foam by gravity. Drainage is, of course, 
hindered by viscous resistance, the more so as the lamellae become 
thinner, and the liquid drains ever slower. Ultimately, the foam will 
contain very little liquid; when lamella thickness is about 1% of bubble 
diameter, the volume fraction of air in the foam may be as high as 
0.95. In practice, we often express air content as percentage overrun 
equal to 100 0/(l-0). Drainage can be retarded by increasing the 
viscosity of the liquid, but when a not too low is desired a higher 
viscosity postpones the problem rather than solving it. We can try to 
give the liquid a yield stress; the continuous phase is liquid during 
beating, but “solidifies” after the foam is made. Another method is 
to provide the liquid with solid particles that act as spacers. (See 
Figure 15.1). A prerequisite is that the contact angle (as defined in 
Figure 12.2) be less than 90°; otherwise, the particles would cause 
the film between the bubbles to break. The casein micelles of milk 
may act as spacers, and this may be one reason why the foam of 
skim milk usually has 4>-s. 0.85 (~ 600% overrun). Fat globules can 
act as spacers and in whipped cream mostly i^> is about 0.5. 
Evaporation of water from the foam causes the lamellae to thin, often 
quicker than by drainage. Evaporation generally occurs at the top of 
the foam where the lamellae are already thinnest because of drainage. 
Rupture of the lamella may occur. This is not the place to discuss 
the stability of thin films; properties and concentration of the surfac- 
tants present are paramount. Broadly speaking and other things being 
equal, a thinner film ruptures more easily. A foam contains relatively 
few bubbles (as compared to the number of droplets in an emulsion), 
so not many films have to rupture to cause a profound change. When 
a lamella (i.e., a film within the foam) breaks, two bubbles coalesce, 
and the foam becomes coarser without losing volume. When films 
between the upper bubbles and the free air break, the foam collapses; 
this is what happens generally, because the films at the top of a foam 
are thinnest. Fat globules also can cause lamellae to break, as is 
discussed in the next section. 

Ostwald ripening goes on, which means that small bubbles disappear 
and the remaining ones grow larger. The foam becomes coarser, con- 
taining fewer lamellae, and thus becomes less stable. Ostwald ripening 
can be stopped, or at least much retarded, by the following mecha- 
nism. When air dissolves from a bubble, its surface area decreases. 
Hence, the surface excess F tends to increase and yto decrease. This 
causes', in turn, a lower Laplace pressure, hence a decreased tendency 
for air'to dissolve. If the relative decrease in y equals the relative 
decrease in bubble radius, dissolving of air slops. (The condition is 
that -dydln A = where A is area.) A prerequisite, however, is 
that the surfactant is not desorbed from the AW interface. Now. if 
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iherc IS Gibbs equilibnum (equation 12 I ), the surfaclanl docs desorb, 
hence, no increase in F and no decrease m y on bubble shnnkage 
Several proteins, however, do not desorb or do so slowly, and now 
the stabilizing mechanism acts Protein solutions, therefore, may give 
fairly stable foams 


It may be concluded that .1 is very dinicult to make a stable foam Its 
lifetime is often a matter of minutes or hours, rather than months as it is for 

by "'•‘■'‘"S ‘bem 

a network ^ “bb'bcation of the continuous phase, or by forming 

laLlL a 'b'* Prevents Ostwald np- 

ening, lamella rupture, and mostly drainage 


\f5.1. FOAMING OF MILK PRODUCTS 

becSlhc^°r^“7^nS?adTo^SnIf^^^^^^ Casemates rnayjdojo 

further Section 17 8 2 ) ^ depend greatly on conditions,- (Sec 

ent m micelles, a’nd°iheTadsoA a?such™*'t"'* . P 1 S" 11 .>S pres- 
^bbles shrink becaus'e of dissolution nro^ ° bubbles When Jic 
and.oiher adsorbed substances Dresiim-,m"^’i^° ™cclles stay in the interface, 
the micelles to touch each other and fn ^ Further shnnkage causes 

air dissolves completely and an emnlv finall:^tjc 

of casein micelles remains Such“ehn«t ^®^^‘sting ofa mcmbi^e 

in skim milk that has been foamint* arc found particularly 

temperatures the ghost membnin™ do above 20”C At imv 

Stability afso is low (See Figure 15 2> sinking that foam 

Eu'Slubules make a foam much less Stahl- d 

^erce or make contact with the AW inteif-r thc^f occasionally 

Now montane material and poss.uiv^f " "^uushun a foam lamelir 
wil no'; ‘‘Sii'-l ^P-udmg causeT^ptre^lf^' spread <>ver it (Section 
of m ‘"‘^rface easily tL i n" f “ ‘'““y liquid globules 

than f ‘■'P'‘ “Ch other Wh?°f ° 'b= udsorplion layer 

that von'h’'* fiI^”"''^’*bu slobule tends to"h*a^r“’°"‘‘ ^^uomes thinner 

-SO^N m 2 "TN m . .f^‘”^=‘’=f“rmed I, will be recalled 

cxe “ed hv a h ’l "’“* ‘b= Elobnies can be flf. ^ °f ‘be bubbles 

and thev m ^^ng lamella But globules ^P’uuu pressure 

Homo the mterface f f “''d fat cannot be flattened, 

unstable, possiMy‘*™fh''“ '“‘‘“UV of Ihc^f ob 

- ^ fu* content ,s sinking, lh< 
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foam volume 



Figure 15.2. Effect of some variables on the foaming of skim milk. The broken line pertains 
to whole milk. The right-hand graph pertains to skim milk to which 1% of homogenized milk 
has been added; variable is the homogenization pressure. Approximate and only to illustrate 
trends. Mainly after H. Mulder and P. Walsira, The Milk Fat Globule (Wageningen: Pudoc, 
1974). 


more efficient the centrifugal separation, the larger the tendency of skim 
milk to foam. The effect of temperature is complicated; fat crystallization, 
casein micelle properties, and possibly other factors play a part. 

Polar lipids, like phospholipids, mqnoglycerides, and faltyjcids, depress 
foaming. Consequently, addition of buttermilk and lipoiysis diminish tfie 
foaming tendency of milk. 

Heating to su^ch an extent that whey proteins become heat .denatured 
causes milk to.yield. a.more voluminous and more staWe.foam on beating. 
Heating at sterilization temperatures diminishes foaming capadty. SlighTly 
lowering the pHlncreases tendency to foam, but a further lowering decreas'es~ 
i rveTV^mucli.' Evaporation of skim milk increases its foaming capacity; a 
concentrate of 30% dry matter that has been vigorously homogenized can 
give a stable foam with of about 0.8 (400% overrun). 

Finally, it should be stressed that the precise extent of the above-men- 
tioned effects may depend on the way the foams are made. 


15.3. CHURNING AND WHIPPING 

While the preceding section dealt with air bubbles in low-fat products, the 
main theme of this section is the interaction of cream with air bubbles. A 
newly formed bubble has a clean surface for a very short time, and before 
a protein adsorption layer has formed some fat globules become attached 
to the surface and are held there by surface forces. (See Section 12.1.4.) 
When the air bubbles form a foam layer on top of the cream, the foam is 
enriched in fat. By analogy to the collection of ore particles in a foam, this 
process may be called flotation. 

In practical situations, beating often goes on in such a way that a foam 
layer is not formed. Subsequent events depend on conditions, the crucial 
one being the solid-liquid ratio of the fat. It will be recalled that this ratio 
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Figure 15.3. Traditional churning of cream. Amount 
of air in the cream, rate of flotation (rate at which fat 
globules and small granules attach to air bubbles), 
rate of mechanical clumping; size of granules, amount 
of fat in the colloidal state (i.e., not recoverable by 
centrifugation) during the course of churning. The 
broken line indicates the point of breaking. The figure 
is meant as an illustration only and is not exact. From 
H. Mulder and P. Walstra, The Milk Fat Globule 
(Wageningen; Pudoc, 1974). 



nsur. 15^. EiTect of some variables on churning lime (I) and efficiency (as fal content of 
buttcrmitli n in churning with air. Variables are turning rate of the chum, fat content of the 
crelrchnming“ur^ 

After H. Mulder and P. Walstra. The MUk Fal Globule (Wageningen. Pudoc. 1974). 





286 


Interjutions of MUkwtth Air Bubbles 



pS'ofwin 5^*^* place dunng whjp- 
ihc iim» paxameter of finnnesi couJd be 

leakage »• er a » eight into the product 

certain vfti * amount of liquid drained from a 

Cu„«.,eonIy 

Uitt ffl, r-/ 1 . y ” MuJderandP Waislia. TAe 
'W=Een;nten Pudoc 1974) 


covered almost fully by altacheH r . , 

"“l iSasL " 

foam a nrn Content ts lower howevp whipping crean 

globules should L “^Pblalion (c g .b" ^ 

l=n“o:i‘'l“;= '"■» *™■“ks to^■om='’exfeT *'’= 

chamcallv «vtah.t. “'roughout the liquid m .u ®*^^”** staking a three- 
stnh^Lya^' »'‘»bles 'l= f-" and thereby me- 


--ay nor be attached 




15^. Ice Cream 


287 


to homogenize the cream and add surfactants. The whipped or foamed prod- 
uct differs from ordinary whipped cream. It has a high overrun, is not very 
stable to handling (it partially collapses on agitation), and shows considerable 
Ostwald ripening. 


15.4. ICE CREAM 

Ice cream mix typically contains 10.0% milk fat, 11.0% milk solids-not-fat, 
14.0% added sugar, and 0.3% additives like emulsifier, stabilizer, and flavor 
and color substances. The mix always is homogenized. It is made into ice 
cream by “freezing,” which means that it is rapidly cooled to —4“ to — 6°C 
while beating in air. These processes must take place simultaneously; after 
freezing, air cannot be beaten in, and beating without freezing does not give 
a stable foam. General aspects of freezing milk are discussed in Section 17.4. 

The beating and cooling process is to some extent similar to the whipping 
of cream. Some liquid fat spreads over the air bubbles, and granules of fat 
globules form. But granule formation will be largely mechanical clumping, 
because it goes more rapidly at a lower temperature, and a lower temperature 
means less liquid fat. But it also means more ice crystals, and these damage 
the fat globules during beating. 

An intricate structure is formed, and the structural elements are ice crys- 
tals, air cells, fat globules, fat granules, and often lactose crystals; many fat 
globules and granules are attached to the air cells. The sizes are very ap- 
proximately as follows: 

ice crystals ~ 50 /xm (or smaller if freezing is very rapid) 

lactose crystals ~ 20 /xm 

air cells 60-150 ;xm 

foam lamella thickness 10-15 /xm 

fat globules < 2 fxm 

fat granules 5-10 /xm 

The size of the fat globules and the degree to which granules have formed 
largely determine the size of the air cells. If the mix is not well homogenized, 
or if large homogenization clusters are present, the ice cream obtains a rather 
coarse texture with large air cells. Homogenization, however, diminishes 
the susceptibility of the globules to coalesce (Section 14.2), and some partial 
coalescence (granule formation) is needed. The structures of partially coa- 
lesced globules and their attachment to the air cells give the ice cream a 
residual firmness after the ice crystals have melted. This is important during 
eating The texture imparted by the structures mentioned, often designated 
as dry also is needed to prevent excessive sticking of the ice cream to 
processing equipment. To enhance coalescence, an emulsifier is added to 
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7. The air cells have three main functions. They make the ice cream 
light; it would be too rich without air. They make the ice cream soft 
and thereby deformable during eating. They isolate against excessive 
coolness; the ice cream would be too cold in the mouth without air. 
Mostly, air content is about 50% by volume. 


Suggested Literature 

General aspects of foaming are in a symposium report: 

R. J. Akers, ed., foams (New York; Academic Press, 1976). 

Most of the material in this chapter is discussed in more detail by 
H. Mulder and P. Walstra, T/ie Miik Fal Globule: Emulsion Science as Applied to Milk Products 
and Comparable Foods. (Wageningen: Pudoc, 1974). 

Physical aspects of ice cream are discussed by 

K. Berger, in Food Emulsions, S. Friberg. cd. (New York: Dekker, 1976), pp. 142-213. 
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moreover, the hydrodynamic volume includes hydration water, “hairy” lay- 
ers, and cavities in particles. We thus have for milk 

(jj ^ (f){ + <^c + d- <l>i ( 16 . 1 a) 


d>f relates to fat globules, whose volume is 1.11 ml-.g" ' lipid in fat globules 
at room temperature; <j>c relates to casein micelles (~ 3.9 ml-g"' of dry 
casein); <(>„ relates to whey proteins (probably on average ~ 1.5 ml g~' of 
dry protein); c^i relates to lactose (~ 1 ml-g”' of lactose). 

dima, is the hypothetical volume fraction that would give close packing of 
all of the particles, assuming them to be present in the same proportion (i.e., 
with the same size distribution). Because the particles are so different in 
size, will be high. d>max equal 1“ 0-9 seems a reasonable estimate for 
milk products, but for evaporated milk it is perhaps a bit higher and for high- 
fat cream a bit lower. Although the size of the particles as such does not 
come into the equation, the spread in size thus may affect it. 

T)o is the viscosity of the liquid in which the particles are suspended, hence 
water with some other small molecules. For milk, 170 is about 1 .02 7j(water); 


for evaporated milk it may be slightly higher. 

Equation 16. 1 fairly well predicts the viscosity of skim milk, milk, cream, 
concentrated milks, and milk ultrafiltrate up to 0 = 0.6. (See, however. 
Section 16.2.) Examples of viscosities are in Figure 16.1. Total should be 
used, not just one of its fractions. Taking cream as an example, using dy as 
the variable and tjo as the viscosity of milk plasma would give too low results 
(e.g., a 20% too low rj for 35%-fat cream), because d> - <^f = 0.16. Beyond 

= 0.6, corresponding with Vbo viscosity increases steeply and 

flow usually starts to deviate significantly from Newtonian behavior. The 
deviations may result from interaction forces between the particles and from 
their deformability. Ultrafiltered or concentrated whey seems to give sig- 
nificant deviations from equation 16.1 at a much lower ()>, even if the fact 
that the hydrodynamic volume of the caseinomacropeptide may be as high 
as 6 ml per gram of dry protein is taken into account. 

There are fairly large differences in viscosity among lots of milk, and the 
hydrodynamic volume of the casein micelles must be an important variable. 
Content of calcium phophate in the micelles and Ca-* activity play a part. 
See (Section 13 1.) Increasing the pH of milk increases its viscosity (perhaps 
by swelling of casein micelles, and slightly decreasing the pH usually leads 
to a little decrease. A more drastic pH decrease causes the viscosity to 

increase, which is caused by aggregation of casein. . _. 

Decreasing the temperature of milk causes an increase in viscosi y. The 
V. increases, but a more important variable is the hydrodynamic volume of 
the casein micelles. Moreover, some casein, particularly ^-casein, starts to 
dissociate from the micelles, and dissolved casein molecules have a high 
hydrodynamic volume. Consequently, the viscosity rises but the behavior 
is no longer Newtonian. See Figure 16.1C for the effect of temperature. 
More information is in the appendix. Table A 
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flow persists up to a higher G; this also results from the stronger dependence 
of Tj on </) at higher <l). For instance, cream of 40% fat is (at 40°C) Newtonian 
for G greater than 10 s“ '. In a certain cream of 49% fat viscosity was almost 
Newtonian near G equal to 100 s“', with tj about 28 mPa-s; but at 10 s“', 
7)' had increased to 54 and at 0.7 s“' to 140 mPa-s. 

Raw or low-pasteurized milk and cream usually show marked non-New- 
tonian behavior at low temperatures, because of the cold agglutination of 
the fat globules. (See Section 14.3.) Figure 16.2A gives examples. The lower 
the temperature, the stronger the forces between the globules, the higher 
the shear rate needed for Newtonian behavior, and the higher the apparent 
viscosity, also if corrected for the effect of temperature on 7)„ and Even 
in cold raw skim milk or whey, the flocculation of agglutinin itself causes a 
little increase in tj'. 

As discussed, the shearing action of the flow breaks bonds between the 
particles. The bonds may reform; if they do so within a time shorter than 
that of the experiment, tj' depends on shear rate only, because for any value 
of G a certain size of aggregates results, which decreases with increasing 
G. But if the time needed for breaking or reforming the bonds is longer, tj' 
depends on shearing history. This is true for cold agglutination; the bonds 
break slowly, hence ij' keeps decreasing for a while during shearing, and 
though tj' increases after stopping the shearing action, it usually does not 
come back to its original value. 

Such a hysteresis of tj' versus shear rate is also conspicuous in cream 
containing homogenization clusters (Section 14.4.3) as shown in Figure 16.2B. 
Here, many of the bonds that are broken are not reformed, and after shearing 
once at a high rate there is little hysteresis. 

Coalescence of fat globules causes little change in tj, because does not 
change. But partial coalescence causes an increase; the granules formed 
enclose plasma and have irregular shapes. When the viscosity of heavy cream 
is measured, shear thickening may be observed, as the shear itself induces 
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partial coalescence Partial coalescence also appears to be the cause of the 
rebodying of cream by temperature Huctualion (See Section 14 2 2 ) In 
cream of 20% fat, tj' may double, and for fat or more the cream may 
become very thick and plastic 

Heating of milk causes some increase in viscosity, as stated above, be- 
cause of a sh^t protein aggregation If the milk is first concentrated and 
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deformation is not recovered at removal of the stress; in other words, the 
gel flows when stressed as bonds are broken and new bonds formed, as in 
a liquid. If the stress is applied for a very short time, the elastic (i.e., 
recoverable) deformation is always predominant; if the stress lasts long, the 
viscous deformation (i.e., flow) is most conspicuous. 

A gel thus shows viscoelastic behavior, which can be characterized by 
two rheological parameters, the elastic or storage modulus (G') and the 
viscous or loss modulus (G”). If G' is much greater than G" the elastic 
properties prevail, if G' is much less than G" the viscous properties prevail. 
The overall resistance to deformation is expressed in the combined modulus 
G*. The moduli give the ratio of the stress to the relative deformation and 
thus have the dimension of stress (e.g., N-m"^ or Pa); they depend, often 


strongly, on the time scale of the deformation. 

The reasoning given above only holds when the deformation is (about) 
proportional to the stress (so-called linear behavior). Gels, unlike solids, 
often can be deformed considerably (e.g., by 10%) and still show linear 
behavior. At larger deformations this relationship breaks down, as bonds in 
the network are broken that do not reform within the time scale of the 
experiment. A still larger deformation soon causes yielding or breaking of 
the gel, as the network is locally destroyed. The stress needed to do this 
may be called a yield stress; it is not a well-defined quantity as it depends 
much on conditions, like geometry of the measuring instrument and time 
scale. Once deforming a gel to such an extent that some bonds are permen- 
antly broken will alter its rheological properties. 

The firmness of a gel as perceived in common practice is more related to 
a yield stress than to the modulus, and most instruments for testing gel 
strength determine a kind of yield stress (e.g. , the force needed to push a 
probe into the gel). Yield stress and modulus are correlated naturally, but 
the correlation is by no means perfect, and some variables even may increase 
the modulus while decreasing yield stress. Probably, inhomogeneity of the 
gel is important; if its network has a limited number of weak strands this 
will affect greatly (i.e., diminish) the yield stress and leave the modulus 


almost the same. • 

Several gels can be made from milk products. The fat globules in cream 
may form a continuous network, for instance, by cold agglutination, thus 
causing a (weak) gel to form. We will consider predominantly casein gels. 
Casein micelles as such may be considered as very small regions with a gel- 
like character. T he whole liquid becomes a g el, as t he casei n micelles ag- 
gregate. by renneTl^d^tforming curd. Section aciditmation 

(as in yogurt and other sour milk products). Rennet and amd milk gds are 
rather similar in properties) though there are quantitative differences. The 
modulus of acid gels is higher. (See Figure 16.3). For very short deformation 
times the viscoelastic behavior is similar, but for longer times a rennet gel 
has relatively more the character of a liquid than has an acid gel. A piece 
of rennet gel thus easily flows under its own weight (also because of its 
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6. Preheating the milk with such intensity that whey proteins become 
denatured. This causes a rennet gel to be weaker, an acid gel to be 
firmer. 

7. The complicated effect of fat content. Natural fat globules tend to 
make the gel somewhat weaker. (See Figure 16.3.) They interrupt the 
network and thus make weak spots in the gel. But if the milk (or 
cream) has been homogenized, the fat globules become partly covered 
with casein and now participate in forming the network. Conse- 
quently, the gel can become much firmer. A practical example is sour 
cream, the firmness of which greatly depends on proper homogeni- 
zation. The actual change in consistency depends on many factors, 
like preheating, homogenization temperature and pressure, type of 
measurement, and type of gel. A rennet gel may even become weaker 
(when measured as yield stress) from homogenization of the milk. 


Another difference between acid and rennet milk gels is in their tendency 
to show syneresis. Rennet gels always do this. Acid gels that are kept still 
during acidification and for several hours afterwards do not show syneresis. 
Agitation during setting (gel formation and firming up) causes local breaking 
of the gel (when it is still weak) and syneresis of the pieces of gel remaining. 
In this way a viscous liquid is formed. Also, stirring of soured milk after 
setting causes breakup of the gel, and a viscous sour milk is obtained. The 
increase in viscosity over unsoured milk is caused largely by the presence 
of remnants of the network (or pieces of gel) that make up a high volume 
fraction. The more intense the stirring and the weaker the original gel (see 
points 1—7 above), the smaller the remnants and the lower the viscosity. 
The viscosity of sour milk is thus highly non-Newtonian. 

Solutions of macromolecules also can gel. There are two types of gel. In 
one, intermolecular covalent bonds are formed, as in boiled eggwhite. Some- 
thing like this happens when concentrated milk or concentrated whey is 
heated, because a few -S-S- bridges are involved in the gelation; still, these 
gels have largely the character of a network of aggregated particles. In the 
other types the macromolecular chains form weaker bonds by a kind of 
local crystallization or by local helix formation, as in gelatin. There is usually 
a fairly sharp temperature below which a gel forms. Some thickening agents 
added to milk products, like gelatin, carrageenans, and alginates, do this if 
present in high enough concentrations. The interaction between K-carra- 
geenan and casein micelles mentioned in Section 13.2 is a special case This 
gives milk containing very little K-carrageenan viscoelastic properties, though 
with a very low yield stress. Pouring the milk out of a beaker is sufficient 
to disrupt the network, but it rapidly forms again. The weak network effec- 
tively prevents creaming or sedimentation (say, of cocoa particles m choc- 
olate milk). and only some 0.02% of K-carrageenan is needed as compared 
to, say, 0.15% for thickening agents that do not interact with the casein 
nilccllcs in forming n network. 
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16.4. MILK FAT 


Partially solid milk fat has a plastic consistency It is a viscoc! islic malcnal. 
but in common parlance wc would call it a solid rather than a gel At very 
small deformations (c g < 1^^) the behavior is almost purely elastic, the 
elastic modulus being, for instance, 1 MPa At larger stresses, the material 
begins to How, for instance, as depicted m Figure 16 4A At still larger stress, 
the relation is often roughly 


b = {t ~ ToVtj,, {16 2) 

where D is deformalion rale or flow rale, and r is stress The cxlrapolalcd 
or Bingham yield stress tu may be taken as a measure of consistency or 
lirrnness ijii is Ihe pseudo or Bingham viscosily The results of expenmenis 

however, on expcnmenltd conditions, 
like geometrical factors and lime scale 

The most important factors determining firmness arc as follows 


or s?enc remdsin'^'^m * “'^Phon and the absence of electrostatic 
with meshes ihoni ' They form a network 

rill defo^atmn T "’“='<="'‘=>'^5 in dtaraeler At very 

Lit deZll H-'t ">'= of ‘hP fo< At 

needed to do this IS the Is* "'‘'’'ork are broken, and the force 
crystallized fat contnbuiion to the firmness of a freshly 

solid (Ficure aii\ 

the number and lo'somc ^ ( “' ^^PPiPothecausc it determines 
network of crystals There is thus a I 'h= hoods in the 

fat composition (See Section 5 7 ) ''"tP'raturc and 

3. Size and shape of the crv^a-iU 

also are important A m^k 1 wS' ‘ 1“'''’ 
m crystals consisting of large 





164.MUkFat 


299 


spherulites is pourable; 10% solid fat in the form of small crystals 
may give the fat a solid appearance and a fairly high yield stress. 

4. As discussed in Section 5.7, fat crystals may keep growing for a long 
time, even when the solid-liquid ratio does not increase significantly. 
Flocculated crystals then become sintered, and the network men- 
tioned may grow into a solid structure, extending throughout the 
volume. During deformation this structure must be broken locally, 
which implies a greater firmness. Moreover, strong deformation, 
working, or kneading causes the firmness measured afterward to de- 
crease, a phenomenon called work softening. Part of the lost firmness 
is regained slowly, at first because the crystals flocculate, then be- 
cause of some sintering. These changes in firmness are illustrated in 
Figure 16.4C. 

Another important consideration is that the structure of crystals and liquid 
fat never will be the same throughout the whole mass. Consequently, the 
strengths differ among regions. During deformation, particularly the regions 
with weak bonds will flow; hence, deformation is unevenly distributed. 

Butter has an even more uneven structure. It contains moisture droplets 
that may weaken the structure slightly. Of particular importance is tbe fact 
that it contains intact fat globules, which hold part of the crystalline fat. The 
fat crystals inside globules cannot form networks with those outside. Con- 
sequently, for the same solid-liquid ratio, butter will have a less developed 
crystal network than milk fat; hence, it is less firm, as illustrated in Figure 
16.4B. 

The difference in rheological properties between a 50%-fat cream and a 
low-fat water-in-oil, butterlike product with about the same composition is 
striking- they may differ by a factor of I0‘ in apparent viscosity. In the 
cream, the fat crystals cannot form structures throughout the volume; in the 
low-fa’t butter they can, and this is just the explanation. As soon as the cream 
is subject to partial coalescence, its rheological properties become closer to 
that of butter. 


Suggested Literature 

An elementary discussion on rheological principles is by 
G. W. Scon Btair. Inuoducory Rheolosy (New York: Academic Press. 1969). 

An extensive and rigorous discussion of methods of measurement is in 
R. W. Whorlow, Rhcolosical Tedmiv-er (Chichesler. Horwood. 1980). 

Several aspects of rheology of foods are treated in 
P. Shcroiao. Industrial Rheology (New York: Academ.c Press. 1970). 

Some of these aspects also are found ■" Chapters 11-IV of 

Determination and Control of Physical Properties of Food Ma- 
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terials (Dordrecht: Rcidcl, 
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Many aspects of gels arc in 

Gels and GcUina Processes FaraJay DiiC 75, 1974 

Rheology of emulsions is discussed by 

P Sherman cd , fmu/jion Sof/ice (Ncu Yoik Academic Prc%t, I'X)}}), Chapter 4 

Rheology of cream and butler arc discussed by 

H Mulder and P Wahtra The \fitk Fat Globule {W^sseninscn Ihidoc. 1974) 



Properties of Milk 
Concentrates 


Milk and milk products can be concentrated by removing water. Tbis^ is 
applied to increase the lifetime of the concentrated product and to diminish 
its volume. Water can be removed by evaporation or by^ freezing, in the 
latter case the ice usually remains in the product. Evaporation to such a low 
water content that the product becomes solid-like usually is called drying, 
but we often will use the term concentrated milk (or skim milk or whey), 
regardless of the concentration factor. 

Concentration also can be achieved by nonequilibrium processes like 
reverse osmosis, or by addition of dry components (c.g., adding milk povvdcr 
to milk). A different kind of concentration is achieved by ullrafiltration, 
because besides water most soluble components arc removed; mostly (e.g.. 
Sections 17.2-17.5) we will consider only removal of water. 


17.1. WATER RELATIONS 

The paramount change to be considered is that of the water concentration 
This implies changes in the reactivity of water and in its interactions with 
other components. This section gives an introduction to these aspects. 

1 7. 1 . 1 . Water Activity and Sorption Isotherms 

The chemical reactivity of a compound in a ^ 

termined by its thermodynamic activity. In many cases the aclivit> is nearly 
tqual to the concentratln. but there are notable exceptions (e.g.. ionic 
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substances. Section 4 2 1) In most food products water activity difTcrs from 
Its concentration Water activity is commonly expressed as a fraction, pure 
water having of 1 For ideal thermodynamic behavior, the so defined 
water activity of a solution is equal to the mole fraction of water (Raoult’s 
law) 


flw (solution) = 


moles of water 

moles of water + moles of solute 


(17 1) 


But, as mentioned, this is usually not true, <7,^ being lower than predicted 
by the equation Bnnging the solution into cquihbnum with air, in product 
and air are equal Thermodynamic behavior of water vapor in air is ideal at 
the temperatures considered, so we have simply 


dw (air) : 


= RH 


(17 2) 
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Vo water H 



figure 17.1. Approximate relation be- 
tween water activity (ow) and percentage of 
water in concentrated skim milk at room 
temperature. /? is the concentration factor 
(equation 17.3). 


There is, however, a complication caused by the physical state of the 
lactose. In spray-dried milk powder, lactose is usually present in amorphous 
form. This implies that it is a highly concentrated solution with a compar- 
atively small mole fraction of water; consequently, is fairly low. When 
lactose crystallizes (as a-hydrate. Section 3.2.3) water of crystallization is 
taken up. This implies that equimolar quantities of lactose and water are 
removed from the solution. It can be denved from equation 17.1 that this 
results in a decrease in if Ow < 0.5, and in an increase if > 0.5. for 
constant water content. Though equation 17.1 docs not hold precise y the 
trends are as predicted, as is shown in Figure 17.2A. Considerable hysteresis 
of sorption isotherms thus may occur. If milk 

lactose) gradually takes up water, lactose starts to crystallize at a certain 

stage (at about / = 0.4), and this alters the isotherm, so that in subsequent 

desorption rdiSrent curve is found. Some 

content in dry milk products f « 

lizaiion. If water content is so defined, rtw is nign 

over the whole range. (See Fignre IJ^AO 
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emperature. The latter is illus ra of the enthalpy of evaporation) 

om the fact that it costs energy ( curses virtually coincide for a. > 
to remove water from the product. The c h irdivanv excess cncrey 

0.8. so that removal ofwaterdown 

The lower the larger the relative dependence of u. on temperaiure. 
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17.1.2. Wafer Binding and Holding 
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dissolved j3-casein at 4°C it amounts to about 8 ml-g“'. The explanation is 
that the removal of water necessitates deformation of the casein micelle or 
the coiled macromolecule, and this costs energy. Imbibed water may amount 
to large quantities. If milk is renneted to form a gel, all of its water is held 
in the pores of the gel. (To be sure, it is serum rather than pure water that 
is held.) It is thus of some importance to distinguish clearly between bound 
water (water of hydration) and held (or imbibition) water, though the dif- 
ference may not be so sharp as stated above. 

Some factors affect the quantity of water bound. It decreases with in- 
creasing temperature; this is reflected in the increase in when the tem- 
perature is raised. As the water content of a product is lower, less water is 
bound to macromolecules in the product. This is partly from more solute 
molecules being present that compete for water as a solvent. But solutes 
also may compete directly for binding sites, and many salts are known to 
compete with water for binding sites on proteins. For instance, pure isoe- 
lectric casein binds about 0.5 g water per gram at of about 0.99, while in 
milk it binds maybe 0.2 g or less. Otherwise, factors like ionic strength (if 
above a certain minimal level) and pH little affect water binding by proteins. 
It may make some difference whether the protein is in contact with water 


or with air. , , , „ 

All factors that affect the conformation of macromolecules will influence 
the quantity of imbibed water. The same holds true for factors affecting 
intermolecular bonds. In milk the voluminosity of casein micelles is of par- 
ticular importance. It decreases with increasing Ca concentration and in- 
creasing tLperature; on the other hand, increasing ionic strength by adding 
Na or K salts causes an increase in voluimnosity; the colloidal phosphate 
content of the micelles is decreased. The effect of pH is complica cd: When 
pH is lowered, voluminosity of the micelles at flrst decreases (change m 
protein conformation), then increases (loss of colloidal phosphate), and fi- 
nally decreases again until the isoelectnc pH is reached. Heat denaturat.on 
of the serum proteins causes a marked increase in the amount of water they 
hold from say, 0.4-2.5 g water per grant of protein, but not of the water 
they bind Part of the imbibed water can be removed by applying pressure, 
as in a layer of centrifugally sedimented casein micelles, or when pressing 

'"^The water held is mainly important because it affects the viscosity and 
nc water nmnertics of a product. Moreover, il lowers to a 

some other physical propenicb p . <• .1 n 

slight extent because it costs energy to remove water from the swollen 
macromolecules. The binding of water has further consequences: 


1 . 


2 . 


Th I'r activity is lowered, as discussed before, and the activity 
of Lnm “solutes consequently may be increased, 
n 1 •• I ‘r docs not freeze; some even take this as a dennition of 
b ^nd water Much of the water in milk products docs not frec/c 
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readily because the solutes cause depression of the freezing point, 
but It IS assumed generally that this effect is not significant below 
-30“ or -40“C 


3. Bound water is not available as a solvent, and the concentration of 
solutes is thus higher than it would be if no water were bound But 
the amount of water not available as a solvent (nonsolvent water) 
may be higher than bound water because of negative adsorption of 
solutes at a surface present (e g , that of proteins) Negative adsorp- 
tion means that the solute molecules stay away from the surface In 
milk products the surface area of proteins is large, for instance, some 
10 m^ g ' for casein, so the effect may be considerable Several 
solutes, notably sugars, exhibit negative adsoiplion Figure 17 3 shows 
that the amount of nonsolvent water generally increases with the 
molecular sjze of the solute The figure also gives a possible expla- 
nation for this observation based on slcnc exclusion Solute mole- 
snSr “o'Kules must stay further away from the 

surface (envisioning their location to be in their center of gravity), 

be“aVrversLriX"t°‘^T" «planahon may 

wnh 1 ^ V ^ ^ •“ '•lustrate the point It also agrees 

onlhMvoe(Mw‘r,'^'‘,‘ “’V"'®""* of nonsolvent water depends 
water for lacto« is H g g""Srfr°'‘''n 

further decrease in a, aid a slSit “ 

the other hand, solutes that do^H 1 osmotic pressure On 

orscmefreefauyacl) 

quanlily of uonsolvent water is'negative fcr tl?m 

blind nTt m ‘°‘=" '‘8'’‘ly 

water is slowed down, as discus;ed in SechllnTI''""" 



nsumirj 

l» stenc A?,!?“"“«'»E.vcn (B) V.swJ.zau. 

^icr various sources 
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It will be clear from the above that bound water is not a very precise and 
unequivocal conception. The amount depends on the criterion applied and 
on the method employed for determination. 


17.2. EFFECTS OF CONCENTRATING 

We define the concentration factor R as the ratio of dry matter content (on 
a weight basis) of the concentrated product to that in the original material. 
Consequently, VR is the mass of the concentrated product divided by the 
mass before concentrating. For most effects of concentrating, the increase 
of the concentration of a substance relative to the amount of water is more 
important. This factor is given by 

R* = fi(l - cd/(I - Red (17.3) 

where c, is the original dry matter content, expressed as mass fraction. R 
becomes very large when Rct approaches unity, that is, when almost all of 
the water has been removed. 


17.2.1. Overview of Changes In Properties 


Removal of water from milk causes numerous changes in properties, which 
generally are greater for higher R: several properties are ajjout proportional 
to R*. The changes depend to some extent on other conditions, such as heat 
treatment before, temperature during, and time elapsed after concentrating. 
Our knowledge about the effects of concentrating on milk is far from com- 
plete, particularly if much (say, more than half) of the water is removed. 
Important changes in properties caused by concentrating are. 


1. The concentration of all components except water and a few vola- 
tiles increases Therefore, the thermodynamic activity of solutes 
n else Th eincreLe in activity is usually not proportional to I?- 

becausetheactivitycoefficientchanges Formosthydrophobiccom- 

pounds and for sugars the activity coelficient increases. 

2. The preceding item implies that the ionic strength increases, which 

causL lhe Activity coefficients of ionic species to decrease (see 
Temion 4 " 1), which, in turn, causes an increase in “"‘1 

solubility of the salts. The thickness of “'y 

Debije-HQckel parameter 1 /K-Sections 4.3 and 1-.-.-) also is 

ciccrQriscu • • 

, r. f. 1 nn,|T above the s.alt equilibria change. Ionization 

3. Because of items 1 and . above th^s q^ ^ ^ 

IS decreased because • ‘’“J ' bce iu^sc calcium phosphate. «hich 

activity is increased only 

is saturated in milk, precipitates, tainij oci. 
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the pH decreases by about 0 3 and 0 5 units for 7? -2 and 3, 
respectively For i? = 2 5, the fraction of Ca that is m solution 
decreases from about 0 4 to 0 3 The ratio of monovalent to divalent 
cations markedly increases The isoelectnc pH of the milk proteins 
decreases 


4. Because of item I the coHigative properties (osmotic pressure, freez- 
ing point depression, boiling point elevation) increase in magnitude 
The same holds true for electrical conductivity Because of item 3 
the changes are somewhat less than proportional to R*. 

5. The conformation of proteins may change Item 3 above causes 
stronger internal salt bridges and adecreased electnea! charge. Item 
I may imply a change in solvent quality All in all, the tendency of 
the protein molecules to attain a compact conformation probably is 
increased Their tendency to associate also increases 

6. Casern micelles increase m size This is pnmanly caused by coales- 

swelling The increase in size is lessif the 
of 'he whey 

proteins have become associated with the casein 

Calciim ^’'P^'s^t'tated and may precipitate 

n Lsociated with r " 

ciDiiation the casein micelles occurs instead of pre- 

comes saturated m concentrate Lactose be- 

R’ “ 2 7 Moreover ih. at room temperature when 

in Item 1 causes the soL'ihra mentioned 

to sweetened co„de“ I"" 

compared to ~ 20 g per loo . . ® Par 100 g water as 

Most other substances (indlidine'Jhe' ® ‘amperature 

and not much preeipilation occurs forTri2 

as discussed "^Slon 17 7 'a ^ ““'a'" activity (aj, 

content and activiiv of si™ n" “''a'^gc relation between water 
large proportion o/,he fll®!.'! I It IS seen that a 

appreciably Table 17 1 o,v«.c removed before a„ decreases 
products ^ examples of values of milk 

9. The hygroscopicity tnerea^..^ k- 

uptake from the air is propomon^^*^^V^^ dnvmg force for water 
the air and of ihe product The rat difference between of 
ever, also on other largely unkn ^ ° '^^ter uptake depends, how- 

•P- I^-!iaa'agica,prapenS^"Xd r" 

B Figure 16 2) the liquid become. ''•scosity increases (see, 

viscoelastic), and finally^|,d (shear thinning 


1 crNi I ra-, ^ tor sKim muM 

* This all depends much on 
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Tabfe 17.1. Approximate Water Activity (a„) of Milk Products 
at Room Temperature 


Product 

Milk 

Evaporated milk 

Ice cream mix 

Sweetened condensed milk . 

Skim milk powder (spray-dried) 

Same 

Same 

Butter, unsalted 
Butter, 2 % salt 
Cottage cheese 
Most cheese varieties 
Parmesan cheese 


Water Content 
% w/w 

flw 

87 

0.993 

75 

0.986 

60 

0.970 

27 

0.830 

1.5 

0.020 

3.0 

0.100 

4.5 

0.200 

16 

0.990 

16 

0.920 

79 

0.988 

36-55 

0.940-0.980 

30 

0.920 


11 . 


12 . 


The diffusion coefficient decreases. Figure 17.4 gives examples for 
ire d“n coefficient of water, and it is seen that the effect is 
very strong at low water content. For larger molecules, the depen- 
dence on water content is even stronger. 

,1 alter. For instance, density increases (Sec- 

iLniflfl-fivtinl^x increases (Section 11.2), and heat con- 
ductivity decreases. 





310 Properties of Milk G)ncentrates 

17.2.2. Reaction Rates In Concentrated Products 

The changes m properties may affect considerably the rates of reactions 
occumng m the concentrated products, and this is particularly important 
because such products usually are kept for a long time A problem in con- 
sidenng the effect of concentration on reaction rates is which factor is re- 
sponsible, because so many conditions have been simultaneously altered If 
a single raw material, say, skim milk, is considered, it does not matter so 
much which variable (e g , water activity, percentage of water, or something 
else) IS chosen, these variables are closely correlated But if we want to 
com^re different products, say. concentrated milk and concentrated whey, 
uncertainty anses It is fairly customary to plot reaction rates against water 

arc ^ ^ *''' ">“« pertinent vanable, but there . 

are notable exceptions to this generalization 

the rate at first increases when reactants (item 1 above), 

concentration is usually not rale deiem® ^ reactant, its 

at low u. At low water conUnts theTfJ"^ 

Item 1 1 ) Moreover, other condition<i coefficients decrease (See 

may change Often, we find at first an pH, that affect the reaction 

rate, when lowenng crease, then a decrease in reaction 

The MaiUard reaction is an i r 

Browning, loss of available lysme anTih behavior (Figure 17 5) 

ysme. and the development of off flavors result 
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from Maillard reactions. (See Section 10.4.2.) The numerous chemical re- 
actions involved will not depend in the same way on R and thus the reaction 
pathway will also change. This may be one of the reasons why different 
authors have obtained fairly different results for the dependence of Maillard 
reactions on a^. But the trend is always roughly as given in Figure 17.5. 

The irreversible loss of solubility of milk protein also shows an optimum 
inavv It is a kind of age gelation (Section 13.4); in liquid products the viscosity 
increases before it comes to gelation; in milk powders the solubility as 
determined after mixing with water decreases. These reactions at first in- 
crease rapidly in rate with decreasing water content, but for < 0.6 the 
rate decreases again. Consequently, concentrated milk products deteriorate 
rapidly at intermediate aw» white they are much more stable at either high 


or low a^. 

Autbxidation of lipids (Section 5.6) follows a different pattern (Figure 
17.5). Starting at very low Uw, the reaction rate decreases greatly with in- 
creasing a^. Probable causes are that water lowers the hfetime of free rad- 
- icals. interferes with the decomposition of hydroperoxides, and lowers the 


catalytic activity of metal ions. , . 

Heat denaturation of proteins and. consequently, mact.vat.on of enzymes 
and killing of microorganisms strongly depend on water content. Some ex- 
amples are in Figure 17.6. Most reaction rates strongly decrease (by orders 
of magnitude) with increasing concentration, but the relations are rather 
variable. The rapid decrease in denaturation rate of chymosm at high water 

. . ! V . , ,i 7 i/'rf'*isc with decreasing aw Under most con- 

and A5* (activation entropy) decrease wun u.. & w 


/fir’) 



figure 17.6. Reaction constants (AO for in- 
activation of enzymes and killing of a bacter- 
ium at 70"C as a function of water content. 
Inactivation of chymosin in concentrated whey, 
the others in concentrated skim milk. After 
A. L. H. Dacmen, Neih. .Milk Dairy J. 35 
(19S1):I33. 
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ditions the decrease m AS* is more prominent, and reaction rate decreases, 
but for some cases (none known as yet for milk products) the rate may 
increase again at still lower The decrease m AH* implies that the de- 
pendence of denaturation rate on temperature also decreases with decreasing 
flw, often strongly Some examples are given m Table 17 2 The rate usually 


depends not only on a* but on further composition as well, particularly for 
the killing of microorganisms This is not surprising, water removal will 
increase the concentration of any lethal or protecting substance present 
All enzyme catalyzed reactions need water as a solvent and often as a 
reagent Consequently, lowenng causes a decrease in reaction rate, though 
the precise relationship may differ Figure 17 5 gives an example. Lipolytic 
actmty, thou^ slight, has been observed in milk powder at =• 0 2 
The growth and metabolic action of microorganisms closely depend on 

Ian Xse rnm/"i " " pnme vanable The 

multiDirat rrVn f organisms added to the product start to 

toveanfnrma7rf Manybaetena 

have an optimal a, for growth of about 0 99 and a minimal n of 0 9S-0 90 

sSbIe effecTon'’grow™?Me^Most‘*‘**^‘‘^‘T“ 
of 0 91-0 87, most molds of 0 

tolerate much lower water activitiMHairnh, I r h° “^Sanisms that can 

as low as 0 80-0 75 xeronhihc mnia^f J -1 bactena may grow at an fl» 

to 0 65-0 60 The effeermay dX 
Stances cause the low When wateM^t^r*.! 

substances also are concentrated ^ removed, inhibiting and stimulatory 

on a. If insufficmnt wae??s a?alabTfaT*°''i^ components also depends 
of the molecules to crystallize is so low lhauh° ‘*'Pf‘' 5 >on coefficient 

hence, crystallization is prevented TlL i " ""■= 'o fo™ 

dned milk powder, which is and reimm. example is lactose in spray- 
the water activity is too high (sav « amorphous form, unless 

Physical segregation of a coneemr^irH \ 

ules or sedimentation of lactose crvsiali’™?'’'^'' ‘breaming of fat glob- 
hence on R In milk powder kept at enn’ ‘’epends on viscosity, 
cannot occur ^ constant temperature and humidity. 
When the temperature of » tir. a ■ 

because of the inerelseT/ 7 ‘‘“‘=‘ 

deTcnnmr' ““'f Conseqn"nUy " m 2 B) besides the 
lactose M°”’ ‘"^Innce, msolubilization nse easily may cause 

mass of n differences m IcmDeratn crystallization of 

of low te^m ‘^nuse diffusion of water fro'^'^ ^J^'^oughout a homogeneous 

Sou^t because water wTalw.? b.gh To those 

from thc'ouS"^^''*^"^‘^‘ShtbagofmilkpoT^^^ ^be region of 

inner oan of ti, falls m « cooled temporanly 

e ag and thus acquires a htii’er 

sner water content Iftheonginal 
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temperature is now restored, the cuter layer has a higher a^, which may 
cause detenoration before the lower equihbnum is reached again 


17.3. EVAPORATION 

Evaporation (i e , removal of water by boding) is applied to obtain such 
products as evaporated milk and sweetened condensed milk, which have a 
fairly long lifetime and are convenient for certain uses Evaporation of milk, 
skim milk, and whey also is performed to save on costs of drying in making 
powdered products (removal of water by boiling is much cheaper than by 
spray drying) Evaporation always is done under reduced pressure, in order 
minimize unfavorable reactions taking 

place dunng the process 

5 taWnvTsTsl?“°a'“ 1 i*"^'^’ consequences for product properties and 
caused bv volatile com^.n. j ''cddclion of some off flavors 

mamlys^C'trmTrsm^^^^^^^^^^^^ 

The fat therefore may be subject to considelw 
unless hpase has been inactivated proSr^ 

matter in skim mdy «em ^m^fromh'^ c''oporation (say, to 55% dry 
milk for processing, the increased suiiability of the concentrated 

transfer), and fouling of healed surfaces I hinders flow (hence, heat 
ilselO becomes a problem Furthering *hose of the evaporator 

with increasing concentration, Maillar^re*^^! stability of the milk decreases 
protein begin to occur at apDreciahle »-.» Ihe msolubilization of 

temperatures One manifestation is a ^ Particularly at high 

eading to gelation Consequemlv ahioM m viscosity, eventually 

long Lactose may start to crystallize ^®iiceniraled milk cannot be kept 
m concentrated milk or skim milk n though this rarely happens 

siblc. m other words, nuclea^ion supersatur^tion is pos- 

often R > 20 ) crystallization of concentrated whey (where 

P«^^‘ble, and this is 

prt^uce whey powder with ‘a«ose f 

t-^aporated milk is . 
ccntration the product 


. IS ir 

?^be slS “n '^P'5 lower than 

(Section 13^ J^ol’lpms are heat stability ’’’o Product has 

flavor air, product has a cooked fla ^ age gelation 

flavor, along with browa d.scoIoSZ developra stale 

IS UHT-healed, the flavor is 


crystalline lactose^'^^”^^ 

1 ta ‘"sflfS'ira^hcat 5 °u 2 |“ I farther con 

lows rapid microh,ai ,1*^ ' ®“l "ot lower that 
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better and the color whiter, but it nevertheless shows browning, and prob- 
lems from action of heat-stable enzymes (lipases and proteinases) may occur. 
Homogenization of evaporated milk is needed to prevent rapid creaming, 
but it renders the product less stable to heat coagulation. 

Sweetened condensed milk is concentrated much more {R ^ 7) and, more- 
over, sucrose is added. A typical composition is 8% fat, 20% milk solids- 
not-fat, 45% sucrose, and 27% water. The concentration of the sucrose 
solution is thus about 62.5% w/w (not considering nonsolvent water). The 
Qw is about 0.83, so that microbial spoilage will be absent if contamination 
with osmophilic yeasts and micrococci i s_avoided and O 2 content is low 
enough to prevent growth of molds. The concentration is, however, not 
sufficient to prevent all enzyme action, and a fairly intense heat treatment 
(before concentrating) is needed to inactivate the enzymes. It is somewhat 
surprising that chemical deterioration is relatively slow. Presumably the 
sucrose has a protecting role. It lowers the Ca-* activity, but then Ca^’^ 
ions have little effect either on browning or on age gelation. Because viscosity 
is so high (say, 10 Pa-s), creaming is no great problem, but sedimentation 
of lactose crystals may be. Lactose is far supersaturated (by a fnctor of 4 
or more), also because the high sucrose content considerably diminishes its 
solubility, and lactose crystals are formed. They should be very small (say, 
< 8 Mm length) for sedimentation to be negligible and to avoid a product 
with a sandy mouthfeel; this impUes a number of some 10 crystals per 
milliliter. It can be achieved best by adding seed lactose before crystallization 
starts. 


17.4. FREEZING 

N Vhen milk is cooled it starts toj reszttittn bnn, -0 . 54 ° C ( i f . no . su^^^^ 

0 ^^, and concentrated mlCialonesEfinsynsJ^^ 

f^nrfSmmdrsrd-rai^^ 

further decreasing the freezing point. (^e moreT^ n- 

^ pro portion of the w aterjhat freezg^^^^^°^ 
t^bfpjgjfigining^lution. All of the 0 ^ temperature 

loned in SectionnS appV- The wa phases moist air. solution, and 

?nly if there is equilibrium ^ its oj is a function of tem- 

>=e, because the vapor pressure of “ < given in Figure 17.7.) 

Perature only (for constant are considerable. At -8°C, for 

Jhe changes in composition of the sol llqaij frozen skim milk 

instance, the total solids uonlcnt of ih Making an ultrafiltrate of the liquid 

IS about 53%, corresponding to A “ •- man that of an ultrafiltrate of 
« -8"C). it has a pH of about « 

•he original skim milk. Thc-iouic-s ^,i,v of calcium phosphate m 

Ca^^ activity is greatly increased. anU 
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lower 

precipitate " ^si des calcium phos phate sta rt to 

ic^?^^®£,?oniphcate^his picture Fieiir<> n i 
ditipns, and these ^s'EllfSot aiiZIa ■! ’ “I'"* 

persaturated It becomes saiiir>i>H because lactose is so easily su- 
to Wow,-2^n but If mdh is frozen quicUy 

‘lliSahMgerratronllcausingcoist^^^^^^^ =* 'l-siolyed^state 

v^apart^he water from freeZe inn . P°'"' depression J!fe- 

^terfreg^r if freezing procewJ^ ' 'emperature is raised somewhat 

cgsSilizc^thjs happens particularrvmT*"^° slowly, most of the lactose may 

dlf — ■ ^ben ii^f;^gggfr~ rrocccd^f^^^^^^dybi al and enzvmic spo 
'“■Lojinids IS still possfBIe A'proZ"'^''*’*’*^ tuUs^alsoJjuLaulo^ 
■mT-n — Cl-ProDlem mav hp <• .1 


ncT- — r*‘^‘ Uwai-rgactions nrni-..«a "I ‘-•'usjuyiai ana enzvmi c spo n 

aUon,ofllEi^is still possfBlI A'nr w raUiLalsn, hpl aiilozi 

•h^iiSncefnraggrei.iotr.Z” »e insolublliZZ^h 


“«i>5ucf?r:ef aZ 

^j onic stren gth.Jm 
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is that at a given (determined by the temperature) more sugar implies 
more water (less ice), hence a lower ratio of salt to water. Hydrolysis of the 
lactose before freezing improves protein stability for the same reason; it 
increases molar sugar concentration and prevents or at least diminishes sugar 
crystallization. The stability is, of course, much less in frozen concentrated 
milk. Preheating the milk to such an extent that the whey proteins are 
denatured causes decreased stability, presumably because the whey proteins 
are now much more sensitive to Ca-* ions and participate in the aggregation. 

Freezin g ca uses the visco sity_of.lhej'emajning,jjgu^_jm jnereas^^and 
diffusion coelTicicnts to decrease. At low temperature (e.g., —30 C) frozen 
milk IS alm oS r idiiTidid. and molecular transport is virtually impossible. 
During freezing of skim milk, considerable segregation occurs, ice crystals 
forming where the temperature is lowest, and concentrated liquid accumu- 
lating elsewhere (i.e., usually in the center). The segregation in crystals and 
concentrate, in principle, can be put to use in the freeze concentration of 
milk; the crystals are then separated from the concentrated mi^, but the 
loss of dry matter adhering to the crystals is too high to make a Process 
economical. With increasing fat content and a smaller size of fat globules 
segregation is less, and homogenized cream 

homoceneous mass Freezing causes mechanical damage_to the fa.t_glflj mles, 

isTower, so hat subsequent thawing causes formation of fat granules or 
Icnses.TJiefatemuls^^ 

but he frozen Without gross instaPimy occurring. 


1 7.5. DRYING 

. Ti, ctim milk whey, sweet-cream buttermilk, 

^^mg « appHed mam y and infant foods. Tlms^uMs 

5 nlpmp^siite^prod^ts^^^ iving fairly different productsTbut spray 

__ and we will concentrate on that. 

-!jfyjnB_is by far the most com ’ , j niilk, rather) are sprayed into hot 

Sjnall droplets of milk (or ^yi(i,in a second^. Their w ater content 

air Md change mto dry^w erp Variation in processing 

-is.mos^y about 3%, or product properties. ThsjnaLnjvarjables 

.co ndition s may have a 'oege jp~ree of jjrec oncentration. (3) manner .of 

ore (l),preheating_oLLhcjEj^’ ^j.ij'jf^^^iiure nozzle or a spinning disk, (4) 
EIQducing_thejiropJets, eitn respectively, and (5) temperatures 

-Pressure and^ircumferential i j|.yjag (related to inlet and outlet 

9£-lhe_aic.af the start ^ gO°C respectively). This book is not the 

l 6 niperatu re,_forjnstance, 20 U -4:5:7-—- - 

place to discuss these roughly spherical and about 5-I00_/im in 

The spraj^rie^pari*,^iHL£-.^^yj. jf processing conditiojis are extreme, 
rize, though. greater_yarja^u diameter Jvs (see Section 12.4) is 

The volume-tO‘Surface ayerag 
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mo^y 20-60 ^ira^and the size distnbulion is fairly wide, the relative stand^ 
devi^ionjr, bein g mos tly Particlesmay become agglomy^;^ (i e , 

held together m aggregates compnsmg numerous individual sphere s) Most 
particles contain vacudes, during spraying small air bubbles arejr appedj n 
the droplets, an^thjse bubbles expand m volume dunng drying The a ir 
pressure in the vacuol es i s thus below atmosphenc (mostly 0 2-0 5 atm) in 
jresWy made millepowder, but they slowly fill with air (in several days m 
whole milk powder, m several weeks in skim milk powder) The volume of 
the vacuoles V is 50-400 cm’ kg“' in most powders, nozzle sprayin g yield s 
a smaller vacuole v olum e th^ doe^disk spraying, and V mostly de creas es 
with increasing concentration fac tor of the sprayed milk In m ost powders 
the vacuoles are fully inside the powder particles, but if the olFtlel temp^- 
ature during drying i^high, many vacuoles crack and come into contact with 
the surrounding air 


Density of a ponder can mean vanous things The true density A ““X 
be defined as that of the matenal, excluding the vacuoles, a, is about 1300 
u is?^ ‘ '''*® ‘‘B ">■’ for dned skim mdk. and 

tenL!r» /"Ta ‘‘"'c Pr 

vacuoles, and IS thus given by ^ 


■ (I + Vft) 

lLte3‘onhetowde“ “'‘fa*' >‘8 TTie bulk density A. 

.s called the packed volume"'BuS.^y'rrvefbr'“'“’ 

A> = Ppd - €) = ft (1 - Jj/ll 5) 

: =“o 4£;^^^d■|L‘‘more'':,r [rr- Generally, 

higher Its porosityJVholerailkTOwLMs '" flowing) a powder is, the 

and thus has a hgher porsnrf t 

powder in a container IS vibrateLrtaDi^^™'“''i,'*“''^'““ when a mass of 

€ may decrease, for instance rr«™ For whole milk powder 

powder from 0 55 to 0 40 Consequent? "a ^ topping, for skun milk 
handling the powder, usuallv a enm P*> depends much on the way'of 
>5 pven All in all. a can vary widelTf • oftor tappms) 

A milk ponder particle coasists ‘nstance, from 300-800 kg m'’ 
lose and other components of low amorphous lac- 

^sein micelles, and whey proteins tanf “ V"®*" fnt globules. 

The lactose remains amorphous bUlf '' ''onnoles) are embedded 
“[1““™'““ IS such that crystallization ‘An 'setose 

“fl f = 80) ,S far ,<nr shm Iff toy. between = 10 
eiatio?'if becomes possible This “f water so that a. ^ 

conlmi' ‘fle lactose ctyslals of aa”*'**' considerable agglom 

fwdf ■" «orS «,wdf Pntfcles toomc 

1 ^ forms hard lumps and finallvti*' which means that the 

ms into a continuous sohd mass 
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The fat globules in milk powder are changed by the evaporation and the 
spraying process preceding drying. Considerable splitting_of fa^globujes 
occurs, and they become partly covered with mfcellar casein and whey 
proteins. (See Section 14.4.2.) Some coalescence of fat globujes ocoirs dur- 
ihg drying Often, a free fat content of whole milk powder is estimated, this 
FthTImounVof fat that can be extracted by an organic solvent Such a 
iTocedure indeed removes any fat that is not present in globules but as a 
thin layer at the surface of the powder particles. This surface fat is, jiowever, 
^y a small quantity (if present) and represents but a small fraction of the 
fat extracted. The remainder originates from fat globules that are in contact 
with the particle surface or with tiny cracks or pores that often exist m he 
powder particles. Consequently, the free fat conmnt tells more_abput the 
slmcture of the particles than about the slate of the fat. 

-'The drying is so rapid that the stage during whieh proteins denature at a 
ui ~ «„i:„;hiu chnrt Under usual conditions, the temperature 

measurable rate is negligibly snon. uuuci 

of the drying droplets does not reach a value above 70 C before they have 
lost' almost all water This implies that whey proteins remain soluble, most 
enzymes active and all but the most heat-labile bacteria viable dunng spray 
dryi^f ee airo’ Figure 17.6 and Table 17.2. (The drying itself may kill some 
^yiug, see also rigui lemoerature, but this varies greatly among 

microorg^isms. even droplets, 

species.) Conditions, j’ those that by chance stay comparatively long 

especially very large on . j for a high outlet temperature of the air. 

sVchVonSrma^^^^^^^ 

T^al. IVaetUin^P-™ 

O.e., small proteinaceo P solubility index (clearly a misnomer, as it 
Tins usually is expresse . lyhie), the volume of the sediment remaining 
IS a measure of the o'"®"" water and centrifuging the liquid is determined, 
after dissolving the powaern sediment, others may cream because 

Besides small lumps o P go-called flecks). The flecks predominantly 
of their high fat plobules held together by gelled protein. The cause 

consist of aggregated a g similar to that of age gelation. (See Section 

of the insolubilization se some months at a high water activity (say, 

13.4). I f mi lk powder is 50”C), a substantial portion brthe'pfdtein 

0.5) or high tompera under proper conditions does not lead to 

has become insoluble. ---- - ^ 

imp ortant ch ^geSj e prevent off-flavors from developing. W hen f reshly 
Ills not so easy ^j^gtituted (i.e., dissolved in water to a dry matter 
inadejiiUk pqwder is r Ijj^P milk^ that is to say, Iike_tlie milk as 

intent as in milk) a coo ked or other off-flayorslha^it 

it was just before volatile flavor components get lost during spray 

had acquired. P_att important for most milk products. During storage of 
drying, but thi^i? no fl avors develo p. The stale flavor probably 

powder stal^^^L— 10.4 and 18.4.1.) Us rate of 


milk~] 
results from 


Mailiarcf 
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formation strongly increases with o* (Figure 17 5) and temperature 
autoxidation is of Imie importancejn skim imik pow der but a major proW em 
in whole milk powder. The rate at which the tallowy or oxidized flavor 
develops increases'"greally with decreasing (See Figure 17 5 ) Conse- 
quently, a careful optimization of water content is needed to keep both 
Maillard and autoxidation reactions at an acceptable level The normal pre- 
cautions should be taken to mimmizc fat autoxidation. (See Section 5 6) 
But if the milk has not receis ed a fairly severe heat treatment before drying, 
the powder cannot be kept long from obtaining an oxidative flavor. Remov al 
of O 2 from the powder by flushing with Ni helps to alleviate oxidat ive d e- 
tenoralion But the presence of vacuoles containing O 2 make its’*^ffective 
removal difficult; to achieve it, the flushing with N 2 should be donelwce, 
preferably with an interval of a few days to permit diffusion of O 2 out of 
vacuoles ' 

Milk^_c^ be roller dried A thin film is dned on a heated drum and is 
scraped off and subsequently ground This leads lo fairly large, flaky-par- 
ticles Th^heat irratment of the_drytng^milk is severe, because drying lakes 
ConsfoornU^ “h leniperaiure than in spray drying 

nordeTI?; '' f “ substantial portion oftlfe 

Mosfofrrat 

corc™rattdt,Tk'‘‘,sT‘‘"''“'^\''"‘'''f'^ Mtlk. preferably 

pressure (10-100 Pat henr" i'*'*'*^^ sublimated under reduced 
Kc uie';: lemperature « 20 C), this removes most 

percent) is removed bv Residual water (a few 

and drying rausesliOTsIderabl'*'' ‘'"’’^ralure (e g , to 50°C) The freezing 
changes are slight A ixiu^r ° “^'scence of fat globules, but chemical 
mass The bulk densitrof the po»dTr"fre'l'’t®‘"f'l'^ gnnding the porous 
concentration Roughly sncakin^ih ''“'‘vely low, depending on pre- 
aficr freezing Freeze drym^of mlk product does not change 

cheaper spray drying U is^pnlv iis^n'r advantage over the much 

lactic suiters ® ““‘y “sed for some special products, such as 

products T^rconcfnilSed’mdk'irm composite 

dned at a low temperature m a 

drying. The powder obtained can hav ground after 

««ll=nt flavor and soktb.l.ty 
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rnuLESSES 

In the membrane oroceccr..: 

^ solution is enclosed 
of the solutes do not and ar^Vs 00^“, "" ‘be permet 

'ttus concentrated the rclenuie Tl 
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are also electrically driven membrane processes, such as electrodialysis; the 
latter is briefly mentioned in Section 4.5. 

In ultrafiltration the membrane is effectively a filter through which small 
molecules can pass, while colloidal particles and macromolecules are re- 
tained. For milk this implies that globular proteins and larger particles do 
not pass; they include casein micelles, fat globules, and cells (the permeate 
is thus sterile). Ultrafiltration is applied to skim milk and whey (the fat usually 
is removed beforehand by centrifugal separation). The aim is, for instance, 
to produce a protein-rich product (e.g. , from whey) or a step in an alternative 
way to make some types of cheese (removal of most of the soluble part of 
milk before renneting so that little or no syneresis is needed and most whey 


proteins are enclosed in the cheese). 

Concentration by ultrafiltration differs greatly from concentration by 
evaporating water. Only some components are concentrated; in principle 
ionic strength and water activity remain constant, and protein conformation 
is almost unaltered. In fact, items 2-9 listed in Section 17.2.1 do not apply. 
Consequently, a retcntate of skim milk exhibits comparatively little browning 
during storage or heating, and it is much more heat-stable than evaporated 
milk. Some changes in physical properties are considerable and 
viscosity increases much more with concentration than in the case of evap- 
oration. (See Figure 16.1.B.) The high viscosity of the re entate s usually 
the limiting factor in ultrafiltration; in the case of skim milk about 25% dry 


matter can be attained. 

The previous paragraph is, however, an 
because smaller molecules may be partly 
quotient of a solute as 


oversimplification to some extent, 
retained. We define the reflection 


_ (aJcJ - ^ 

Q’ - (qjcj 9 "'^. 


(17.6) 


where o means flux through the membrane (quantity passing per unit tinie) 
nere <j means flux side) while subscripts w and s refer 

and c IS concentration (at ‘he pressure ), ^ ^ molecules, and 

to water and solute, respecti y. n^ooen Q gradually changes with 

Q. = 1 for proteins but this does happen^ V ^ membrane), 

molecular size (partly becMse of “ 1,^ depends on the type of 

and the relation he‘ween 2r a" g, of small molebules increases to 

membrane. (See Figure ip, (The explanation is loosely 

some extent with the pressur jifference in osmotic pressure on either 

that any retention of solute causes a difl nmnorlional to An - AD, 

side of the membrane Water flux is^ P^^P retention. The 

solute flux to Ap + An, '^h‘=h par y P ^ complication is 

compensation is relatively than ^he total concentrations (c), 

that the activities in the solution, adsorbed onto or othenvise as- 

are the relevant variables. ^ ^mined and some of the water will 

soeiated with the proteins or particles retaineu. 



32Z 


Properties of MUk Concentrates 



not be available as a solvent (See Section 17 1 2 ) By taking these laciu.= 
into areount, irae reflection quotients may be obtained 
In the ultrafUtration of skim milk and whey, proteins or polypeptides of 

low molecdar wc^t (e g the proteose-pe lo^nes, 

brane (Q, < 1 ) Usually, Q, ,s for lactose 0 02-0 15 for citrate 0 01-0 10 , 

“rtr Ihan fhe'^t onr'lh 

than that of L ongiil shj?l?k 10 units higher 

alters during ultrafiliratinn ,t.i eomposition of the retentate thus 

ifexpresselttb^Tol'i^m^ 

ogramofretentateinCTra^e lessor eoncentrations expressed per kil 
mdry matter, especi^l™"^) 

somewhat, and its pH wUI *"''"6*'’ of the retentate will increase 

solute s IS commonly used It is ctv, i? O^'ce, the retention ratio of a 
-0 o refer to permU and /cM Uo„rf ' ” 

shouldbceipressedperkdogiaraofwat ’ "^■^'*'''ely. the concentrations 
Q, Because ofthe change in comnns,!'"^ l"‘"2lly,thcretentioniatioequals 

lion, the permeate also will change and dunng ultrafillra 

the reOection quotients remain the sam, retention ratios, although 

dialiliration, the volume of relcniaip v *" ""“Oe of operation, called 

prixess results in a considerable chance m' Oy adding water, this 

in the composition of the permeate * ““ 00511100 , which is reflected 

Sl'rS?' -‘s pniu= 

or^r“i'K" “f^'l'U'erenl kind nr“ “ ‘‘‘B'ere from 

bui m pressure The membran J a^Biane and in the application 

whik me “1“ "luehraS^' ^ 

rcserse All of the chances 'Bus pass through, 

osmosis IS performed at lower ifm ^“''on >7 2 apply, but 

" lemperatures than evapontt.OT 
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High pressures are needed for this process. The driving force is not given 
by Ap but by Ap - H, where n is osmotic pressure of the retentate. For 
skim milk or whey, n is about 700 kPa, and it increases with concentration, 
though somewhat less than proportional with R*. Usually, Ap is 3-10 MPa, 
and the increase in n is usually the limiting factor for the concentration 
factor. Ideally, Q, is I for all solutes. In practice, for small molecules is 
0.75-0.99; Qr depends on type of membrane, increases with Ap, and de- 
creases with increasing R. The permeate is thus by no means pure water; it 
contains some salts, organic acids, urea, and other small molecules. The 
loss of volatile substances from the concentrate is mostly much less than in 
evaporation. 


17.7. PROTEIN PREPARATIONS 

The milk proteins from skim milk, buttermilk, and whey can be concentrated 
in various ways. The concentrates usually are dried and are available in 
powdered form; Table 17.3 gives some important examples. These prepa- 
rations are used in several food products. Nonfood uses once were extensive 
(e.g., casein for manufacture of plastics or for paper coating) but have <nuch 

As seen in Table 17.3. most preparations are far from pure; some are 
mote like protein-rich food products. The degree to which other milk solids 
are removed is variable, according to isolation pnnciple, intens. y of wash- 
ing. and so on. Moreover, the proteins may bind several substances, de- 
pending on conditions like pH. notably cations counterions) and, m the case 
of case^ and heat-denatured whey proteins, calcium phosphate. The ash 
also inchiLs the ester phosphate of the casein. Fat in the preparations may 
be polar lipid molecules bound to the protein. But fat globules that somehow 
have obtained some plasma protein (mostly casein) in their surface coats, 
easily may become entrapped in the protein mass, and this makes up most 
of the fat in most preparations. 


1 7,7. 1 • Types of Preparations 

TU .• ..f nreoarations depend on those of the proteins included 

The properties Section 10.3) and on the method of manufacturing. 

(Chapters 6 an Htter only so far as needed for a qualitative under- 

We will deal with the latter y 

standing of from skim milk by adding acid (HCi or lactic 

Casein usua y ^1^^ calcium phosphate and 

acid) to the isoe e micelles is lost. The acid casein can be washed, 

the proteose-pep Ihen dried. Such a product is rather insoluble, 

pressed to casein also can be dissolved in alkali (pH ^ 7) and 

The acid-precipi caseinate arc produced this way. Solubility and 

spray dned. Na, xs., « 
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flavor can be good, if the product is made from fresh (undried) and well- 
washed casein, and if the pH during isolation, washing, and drying is never 
too high (> 7). Na caseinate is the most common product; K caseinate 
sometimes is preferred for nutritional purposes; Ca caseinate has somewhat 
different characteristics (see below). 

Casein, or rather paracasein, also can be isolated from skim milk by 
renneting, syneresis, washing the curd, and drying. This so-called rennet 
casein is insoluble under most conditions and has a high content of calcium 
phosphate. 

Whey proteins can be concentrated in various ways. A much-applied 
method is ultrafiltration of whey; the mode of operation called diafiltration 
(Section 17.6) gives a fairly pure protein. Other ways are removal of lactose 
from whey by crystallization and of salts by electrodialysis or ion exchange. 
Whey proteins also can be adsorbed onto some ion exchange resins at neutral 
pH and desorbed at low pH; the protein thus isolated mainly comprises p- 
lactoglobulin and c-lactalbumin. The preparations obtained after spray drying 
are called whey protein concentrates; they are highly soluble. 

Whey proteins can be precipitated at low pH by carboxymethyl cellulose 
(CMC) or with hexametaphosphates. The products so obtained are called 
complexes; they contain the precipitating agent and have low solubility at 
low pH. (See Figure 17,9.) The proteins also can be precipitated with feme 
ions at low pH or with ferric ions and polyphosphates at neutral pH; such 
products have a very high ash content (Table 17.3) and poor solubility 
The solubilitv of the proteins closely depends on the extent of heat den- 
aturatlon W in relation to the Ca- ion concentration and the pH during 
rio ♦ A* u'.rh nH ^^d low [Ca^*] denaturation does not cause ap» 

na If.uiiitv (See Figure 17.9.) Eleclrodialysis seems to cause 

preciable loss f a-factalbumin. About half of a whey protein 

ex ensive msolubi iza |„ctoglobulin, and its properties dominate those of 

preparation consists of /3-lactog^^^^ 

dena“onh In ultrafiltration retentates. about 5% of the N is nonprotein 
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ngure 17.9. “Solubility Percentage soluble as afunction of pH; (B) percentage 

( ); dispersions in go«C) at dilTcrcnl pH. Approximate examples after various 

insoluble after heating (w 
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most of this N is probably in the casemo-macropcplidc cleaved from k- 
casein by rennet action The whey protein complexes contain less NPN, 
say, 1% If a whey protein solution is desalted effectively by clectrodialysis, 
the ionic strength may become so low as to cause a decreased solubility of 
^lactoglobulin and the immunoglobulins The latter may precipitate par- 
tially, thereby effectively removing lipids (about 90%) and particulate ma- 
tenal (including some denatured protein) from the solution In this way a 
product with fairly supenor properties (solubility, foaming charactenstics) 
can be made 


It has long been a practice in some countries to heat sour cheese whey 
in order to recover the insolubiltzed whey protein as a precipitate or a scum, 
it is used to obtain cheeselike products A similar process is applied to obtain 
a protein preparation called lactalbumin not to be confused with the whey 
protein a lactalbumin, as the preparation also contains /3-lactogIobulin, serum 
albumin, and immunoglobulins, all denatured Proleosc-peplonc and whey 
proteoses are not included Precipitation is achieved by adding HC! and/or 
CaCU to the whey and heating it (c g . 30 min at 90*C) A considerable 
quantity of lactose is included, partly m modified form because of Maillard 
reactions The protein is insoluble 

healing) applied lo 

n^Le eives a copreepZ,^ that 

1 1 lareeW uW i f ‘ denalurable whey proteins Like lactalbumin 

of CaCli used for the nre<- * I”® closely depend on the amount 

1 o^rdit Ids Copreeipitate is high primarily in biscuits 


17.7.2. Functional Properties 

"> obtain products with 

of proteins to bnng about the dcsireri ^ among foods The suitability 
smtabihty of a certain protein 

of the food and on its'^way of ma^f , *' ‘b® coraposilion 

authors have tned to define characte!r..?“ r"® Nevertheless, 

be determined and that have somT ’ nTilT °f 'he Prote.n that car 

own classification of these functio,^ nronln have then 

H wpcnies, ours is below 

Nutritional Qualitv Th,» 

tntional quality of a protein andTus^el'* ballmark of the nu- 

“Sem IS good, that of whey proleim 5) that the quality ol 

better still Whey pretem conStatL a""' »bole milk proJem 

lysme^m™*'"’ ““po^'hon more like that of tf '' ” b^by foods to give 

lysme may vary widely, according to maL£er“ of available 

8 to manufactunng and storage conditions 
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and product composition (lactose content, pH, a^)- In a well-made and well- 
stored product the loss is generally slight. Caseinates that undergo severe 
heating during manufacture, particularly at high pH, may contain appreciable 
quantities of lysinoalanine (see Section 10.3), a substance toxic for rats 
though not for humans. Contamination with heavy metals may occur, par- 
ticularly if the pH during manufacture is low, but can easily be avoided by 
the use of proper equipment. 

Flavor. Pure proteins have no flavor. Other constituents and protein 
deterioration are thus responsible for any flavor the preparations may have. 
Deterioration is like that of other dry milk products (Section 17.2.2), ac- 
cording to composition. Water activity is not always low enough to prevent 
microbial and enzymic proteolysis; this is clearly avoidable. Maillard re- 
actions (Section 10.4) may occur and are probably responsible for the gluey 
or stale flavors encountered in some caseinates; again, they can be largely 
avoided. Dissolved whey protein concentrates are prone to development of 
sunlight flavor. Lipid autoxidation may occur in products contaminated with 
Cu. 


Solubility. Good solubility generally is desired for proteins used in liquid 
foods. It is, of course, a function of conditions like pH and interaction with 
other components in the food. To estimate solubility, we often make dis- 
persions of the protein preparation in water and determine which fraction 
of the protein does not sediment in a centrifuge test. This fraction is then 
called the solubility, tliougii the definition differs from the common one 
applied in chemistry. Some examples for whey protein preparations are in 
Figure 17 9 The solubility of caseinates strongly depends on pH, salt con- 
tent, and type of cation. Examples arc in Figure 17.10. Caseinate can be 
salted out at fairly low salt concentrations, where undenatured whey proteins 
stay in solution. Denatured whey proteins are much more sensitive to, for 
instance, CaCI:* 



• •S lubiliiy" of Na caseinate (3% dispersions) as a function of sail conccnlralion 
figure 17.10. ;.us after various sources, 

and pH. Appw’‘""“'' 
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In some uses (dry foods, baked products) the proteins need nol be soluble, 
coprecipilalc and lactalbumin arc especially suitable 


Gelling Properties. In other uses, a protein solution or dispersion should 
become a gel or a solid mass m the product Whey proteins in solution 
become insoluble by healing, particularly near their isoelcclnc pH and at 
high ICa’^] above the isoelectric pH The protein concentration has to be 
rather high for a gel to be formed Because whey proteins contain free thiol 
groups, intermolecuiar -S-S- cross links can be formed if the pH is suffi- 
ciently high (say > 8) This causes gelation in a similar way as that which 
occurs on healing of eggwhilc Casemate solutions can be made to gel by 
acidification, renneling, or with CaCl 2 Some examples of rheological prop- 
erties of skim milk gels arc given in Figure 16 3, and they essentially apply 
to caseinate gels as well Ca casemate is made insoluble by adding ortho- 
phosphate, and this can be applied m icxtunzing of fiber spinning 


nr Si',"*' ’’“'■''"S- ‘S same as walcr b.ndmg 

or hydration (Sec Section 17 1 2 ) In many foods, the qunnlily of water that 
a given quantity of protem can imbibe is of importance Again, it very much 

»> high pH. 

hrvolumrnosnv ^f mt i7 ‘’""o"' *"“on 13 I gives particulars about 
are eoZrmoleLTs n”r'" P™'''"“howh 

“er gmm of pro n The s" 'h^V ■mbtbe more water, say 2 g 

Ca content, high Ca going alon;'’wnh htfesSr ^ 

their conc^ntrauom“L"slalVo^w™‘mroflh^ '’"'"“"'l' ■* 

aggregation General aspects arc discu«ef h™":'" molecules, and any 
16 2 gives some idea about , he 16 I and 16 2 Figure 

whey proteins exhibit little swelling ^ Protem solutions, because 

tions of CMC-whey protem eoS comparatively low Solu- 

cremate solutions is shown m Figure T t iTm '''seous Viscosily of 
pH are Sinking The strong effen nr creels of temperature and 

are typical for macromoleculcs that 

The viscosity greatly depends on the ^ extended conformation 

Ca caseinate gives less viscous soluLn^'??^ “"'* “"‘^entralion of cations, 
m viscosity caused by adding NaCI lam eascinate The increase 

remains unexplained 

Emulsifier proDertie« 

Section 14 4) ' “P«'“hould be distinguished (see also 

'• Merent proteins give lav,.™ 

^ekness or protem load (mass"of m'*! S'obules of different 
This pnmanly determines the amoum r" oil surface area) 

rrmounl of protem needed to produce 
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IM 

temperohjre (®C) 


%dryroQi}«r sneor rQi» lo.s i . . . u t 

nsere 17.1 1 Apparent viscosity (V. 

room Icmperalure, unless slated otherwise. G is shear ra • 

in 0.2 M NaCl. Approximate examples after various sources. 


. ■ xr , nroleins and well-dissolved caseinates 

an emulsion. Mos 8l“bu>“ aggregated proteins 

give a protein load of some 2.3 nag 
(Ca caseinate; casein 

values, and a poorly soluble proW for instance, a higher 

For Na caseinate, the conformation, hence a higher 

tome strength gives a more oomp rj-gets of pH. The protein 

protein load. There '^‘‘1 b® f protein available per unit oil 

load also depends on the amount^^^^^^^^^^ 

surface area ‘8 jgpgnd on the type of protein 

2. The size of the globules o fogr on the ratio of protein to oil; 
and on its concentration, o specific surface area is in- 

examples are in Figure ‘ _ ,g(,g|g diameter {d„). the relation 
versely proportional to a g ,,g„gg amount of 

between protein ^ |es of a certain size and protein load, 

protein needed to obtain S . relatively abundant, the globule 
is usually intricate. If t^e p 



, — -jQ 0 50 too 

0 ^ Zr 

pg protein pe -jiics of milk protein solutions. (A) Surface load (D as 

ure 17.12. Some emulsifying 0 2 CaCI* ( ) and in water ( ). 

unction of available protein: ^ acquired if all protein available were adsorbed. (B) 

e straight line gives the P ^ function of available protein. Oil was mostly paraflin 

erage globule size (</v.) various sources. 

. Approximate examp 
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size obtained depends pnmanly on tmulMf>in8 conditions (slimng 
rate, homogenizing pressure etc ) 

3 The stability of the globules toward co ilcsccncc eloeely depends on 
type of protein and protein load This is ilic reason for the (variable) 
effect of protein to oil ratio (if low) on globule size obtained, if the 
^obulcs formed arc very unstable they already coilcscc during or 
shortly after emulsification It should be taken into account that emul 
sions with smaller globules and with a lower volume fraction of oil 
arc more stable Na casemate gives extremely stable emulsions, pre 
sumably the exposure of both h>drophobic and h>drophilic regions 
of the protein molecules causes a strong adsorption of them onto the 
oil-water interface (Section 12 1 2) and considerable extension into 
the aqueous phase with ensuing stenc repulsion (Section 12 2*1) 
Emulsions made with whey proteins arc less stable, particularly if 
protein load is low and temperature high, if the pH is between 4 and 
5 (i e , near the isoclcctnc pH), the emulsion stability is so poor that 
no emulsion can be made Most heat denatured whey proteins arc 
poor stabilizers of emulsions though dcnaiuraiion at Inch pH is not 


“esregate Til, 5 can happen aflcnvanl 


emulsifier If somewhat less slSilc emuh ' Propcnics as an 

be used or small molecule surfactants carL“"'lT'‘r'''‘' 

they dimmish stability toward coalesces ^ “ 


solution to foam may paraUcUsusSn ” “ P™''" 

the solubility should be good in hnih emulsifier For instance 

are the overrun that can be obtamt^H foaming properties 

the foam stability against cot^i^a some proteins) anc 

igh viscosity of the protein solution minimize drainage i 

apse IS less well understood but the nr^ stability against col 
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lipids and aggregates present are detrimental. Consequently, a defatted and 
clarified whey protein concentrate is much superior. The foaming properties 
do not depend much on pH. Heat-denatured whey proteins give less foam, 
particularly if denatured at low pH, but foam stability is better. Undenatured 
whey proteins also may give foams that are fairly resistant to heating (baking). 


17.8. RECONSTITUTION AND RECOMBINATION 


If a concentrated milk product is diluted with or dissolved in water to its 
original composition, it is said to be reconstituted. The term reconstituted 
milk usually implies milk obtained by dissolving milk powder. It may take 
considerable time, say, 24 h, before some reversible changes occurring dur- 
ing evaporation and drying are reversed; this mainly concerns the distribution 
of salts among casein micelles and serum, and the size and structure of the 
micelles. The irreversible changes (off-flavors, loss of nutrients) that have 
oceurred during manufacture or storage of the concentrated milk or powder 
are retained, of course, in the reconstituted product. Loss of solubility of 
the protein and coalescence or partial coalescence of the fat globules are 
particularly cumbersome, because the reconstituted liquid will be inhomo- 
geneous. (Therefore, whole milk powder should be made from well-homog- 
enized milk.) The quality of the water used also has to be considered, both 
from a microbial and a chemical point of view (off-flavors, hardness). A milk 
of high fat content, such as buffalo’s milk, can be mixed with reconstituted 
skim milk (from cow’s milk) to make a beverage of desirable composition; 
this is called toned milk. Some reconstituted skim milk is consumed as 
beverage milk because it is cheaper; it is deficient in vitamins A and D unless 
these have been added to the powder. 

An important property of the milk or skim milk powder for its use in 
reconstitution is the ease of dissolving it in water. If the water is hot and a 
high-speed stirrer is used, dissolution causes no great problem. But dissolv- 
ing the powder in cold water under household conditions may be far from 
easy “Instant” powder, which rapidly dissolves in cold water with gentle 
stirring can be manufactured. The instant property is not related to the 
solubilitv but to rapid penetration of water into a mass of powder. The 
powder particles then disperse in the water where they can dissolve later. 
Instant properties depend on a number of phenomena occurring when a mass 
of powder is brought into water; 


1 The powder should be wettable by water. This property is determined 
' h the contact angle (9, as measured in the aqueous phase) of the 
nhise system of dry milk, water, and air. The contact angle is 
Hkrnssed in Section 12.1.4. (Sec especially Figure 12.2.) If 0 is less 
ih 90° the particles are wettable. For dried skim milk 0 is about 
'>n°''for dried whole milk about 50°. This would imply that water is 
1 ’ ys sucked into the pores between the powder particles by cap- 
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illary action In skim milk powder this is always the case. Bui the 
wetting of a mass of powder differs from the welling of single particles, 
for reasons not fully understood Usually, the effective 0 of the pow- 
der IS much higher In whole milk powder effective 0 may be greater 
than 90“ (particularly if part of the fat is solid) so that water docs not 
penetrate the powder mass or does soonly locally A common remedy 
IS to cover the powder panicles with a thin layer of lecithin, thereby 
diminishing elTeclive 0 

Z. The rate of penetration of water into the powder depends on the width 
of the pores between the particles The smaller the particles, the 
narrower the pores and the slower the penetration A wide range of 
particle sizes also may cause a small pore size, as the smaller particles 
fill the voids between the larger ones In a normal spray-dried (skim) 
milk powder the pores arc loo narrow to permit rapid penetration 
3. Problem 2 above is aggravated because the capillary action of the 
penetrating water pulls the wetted particles closer to each other, 
thereby narrowing the pores This capillary contraction can cause a 
reduction m volume of the powder of as much as 30-509& The swell- 
mg of protein by water uptake also may cause a narrowing of pores, 
especially in dned protein preparations 

down further because part of the 
a very v.scous 

than dissolved Th ^ diluted rather 

a"Sed d™ "’”''■"6 "’■* »ay powder lumps 

mdk ’ ^ layer of highly concentrated 

whclher™adjoimne Va^n of some innuence, such as 

wetted, and whether a narticlc' d^" eompletcly 

on Us vacuole volume) Butih * 'o sink (depending 
volume) But these aspects usually cause no problems 

powder, mstanr2pcnres2n'te, 22 H of whole milk 

IS achieved by agglomeration dowh^ altcnng the particle size This 
will stick together when they TOct cac272 

letting the particles collide and thus ^ other, and this is put to use by 

are often up to 1 mm in diameter and^n'®2 asglomeratcs so formed 
nough The agglomerates should bp 're P°^®^ between them are wide 
ehameal damage during hand^ of tbp wlhstand me- 

se easily m water and afterward di ^e agglomerates are dis- 

Reconstitution of whole m a *'“'y'y 

C powder m cold water is cuml2some*'n disadvantages Dissolving 

flavor deterioration dunng storage 
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of the powder may be considerable; this concerns particularly fat autoxi- 
dation, and to minimize it expensive packing methods and an intense pre- 
heating are needed. The latter causes a distinctive cooked flavor. Skim milk 
powder can be kept for a long time without deteriorating (if its water content 
is sufficiently low), and the skim milk need not be high heated before drying. 
Anhydrous milk fat also has good keeping quality if well prepared. Conse- 
quently, it has become practice to use these ingredients and water to make 
I'econjbiued milk. This amounts to reconstituting skim milk and emulsifying 
milk fat into it, at a temperature (> 40°C) at which the fat is liquid. Emul- 
sifying can be achieved by means of a high-speed stirrer, though a homog- 
enizer often is used; there is no need to add emulsifiers. The composition 
of recombined milk differs from that of natural milk in that the components 
of the fat globule membrane are lacking. This implies a good stability to fat 
autoxidation but also a difference in flavor (the recombined milk tastes some- 
what like skim milk). The composition and flavor can be made more like 
that of natural milk by replacing part (usually 5-10%) of the skim milk powder 
with sweet-cream buttermilk phwder, which is rich in fat globule membrane 
components (notably phospholipids). The fat globules of recombined milk 
differ considerably from the natural ones, as is discussed in Section 14.4. 
(See especially Table 14.3.) This has important consequences for the prop- 
erties of recombined milk with respect to heat and emulsion stability and to 
the rheological properties after renneting and souring the milk. The fat glob- 
ules can be made more like natural ones by emulsif^ng them into a fairly 
small volume of reconstituted sweet-cream buttermilk and then adding re- 
constituted skim milk. , j j*** / u 

The properties of recombined milk depend on processing conditions such 
as homogenization pressure) and on the properties of the raw material An 
imoortant feature of the skim milk powder used is the heat treatment it has 

P nt teat Hnrtnc drying (where the heat treatment it has re- 

received not so much during c ij 

lYcu, uui sy .as before. One aspect is absence of cooked 

StoV Store rei.W«» prepare, g. 

We may want an in e niicroorganisms (most of them survive drying 

eteriorative enzymes, jn^part heat stability. A common classification 

and subsequent whey proteins, as determined by the Har- 

is based on denatuw 

land-Ashworth tes . jf it js s 6 mg N-g~' of skim milk powder, 

of undenatured 'y ^ heat,” if — **5 mg N-g“* it is “high heat,” and 
the powder is calle heal.” The lest is not very precise. The WPN 

in between it is from some 6.5-10 (recalculated for skim milk 

index for fresh mil ‘ ^ “low heat” powder a substantial portion (up 

powder). .^^ble whey protein may have been denatured, in a 

to 40®%) of the dena Nevertheless, the index gives some idea 

“high heat” powder up lo I 

about the heat treatment. 
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An important properly of the milk fat as a raw material for recombined 
milk IS absence of otT flavors Another feature is mdlmg range (See Section 
5 7 1) The range can be altered by fractional cryslalliz*ilion. and in this way 
functional properties of some products can be improv td (for instance, whipp- 
abihty of recombined cream) We may even use a fat other than milk fat, 
to reduce the pnee or for nutritional purposes The resulting product is called 
filled milk 

Other recombined products can be and arc being made, such as evaporated 
milk, sweetened condensed milk, and ice cream mix The skim milk powder 
used often must have been made in a specific way, especially with respect 
to heat treatment The pnnciplc of recombination offers possibilities for 
making products in a wide compositional range Not only can the fat be 
modified or altered, but the same holds true for the solids-not fat We may 
use whey powder, whey protein concentrate, sodium caseinate, and many 
lo sVcUonl?"?')"'**'’" Product properties (Sec 
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A general survey of functional properties of proteins in foods is by 
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Table 18.1. Flavor Threshold Values of Compounds Contributing to 
(Off)-FIavors In Milk and Milk Products 


Flavor Threshold (mg/hg) 


Compound 

In Water 

In Oil 

In Milk 

n>Alkanoic Acids 




2, 

50 



3 

3 



4 

7 

05 

25 

6 

5 

2.5 

14 
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1 00 
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0 01 
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Table 18.1. {Continued) 


Flavor Threshold (mg/kg) 


Compound 

In Water 

In Oil 

In Milk 

ylO 

O.I 

2 

1.5 

510 

0.2 

2 

2.0 
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0.1 

95 


2*Alkanones (Methji 
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4 

3.0 
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80.0 

5 

0.3 


9.0 

6 

0.1 

5.0 

0.4 

7 

0.2 

0.7 

0.7 

8 

0.1 

0.6 

0.5 

9 

0.1 


4,0 

10 

0.01 


15.0 

11 

0.03 
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Eth)l Esters 




4 


0.5 

0.03 

6 

0.01 

0.7 
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5.0“ 

10.0“ 

0.1“ 
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0.5- 
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niques for the isolation and concentration of flavor compounds have been 
developed. Most of them are based on low-temperature vacuum distillation, 
degassing, vapor entrainment or head-space techniques, solvent extraction, 
freeze concentration^ and adsorption. 

For the separation of flavor concentrates into the individual components, 
gas chromatography (GC), particularly with glass or fused silica capilla^ 
columns, is the most suitable method. The separated components usually 
are identified by spectrometric analysis such as mass spectrometry (MS), 
particularly by directly coupled GC-MS, infrared spectrometry (IR), and 
nuclear magnetic resonance spectrometry (NMR). ^ 

It is doubtful whether the published results always have been obtained 
by methods that exclude artifact formation sufficiently to make identification 
of original aroma constituents certain. ^ 


1 8.1 .3. Correlation of Flavor Analysis with Sensory 
Characteristics and the Concept of Flavor Balance 

Chemicoanalytical methods alone cannot reveal the significance of aroma 
compounds for the flavor of a product, nor can they indicate elements of 
like-dislike in food appreciation. It is evident that correlations between the 
sensory properties of foods and the analytical data on the component flavor 
constituents should be determined experimentally in order to obtain full profit 
from flavor identification research. The flavor contribution of identified aroma 
compounds should be determined qualitatively (flavor note) and quantita- 
tively (flavor intensity). The quantity of a flavor compound compared to its 
flavor threshold concentration may be indicative of its contnbmion to the 
flavor of a product, but this relation should be used with care. The overall 
impression is not simply the sum of the component Parts. The intensity 
perceived is related to the concentration of the stimulus (which is influenced 
by binding, compartmentaiization, release during eating, etc.) according to 
the function proposed by Stevens: 

R = nlog 5 + log c (18.1) 

in which R is the response (sensation), S is the concentration of the stimulus, 
and n and c are constants. (It should be noted that, in fact, thermodynamic 
activity rather than concentration of the stimulus determines the response.) 
Extinguishing and reinforcing effects also have been observed m mixtures 
of flavor compounds. Furthermore, flavor contributions of aroma compounds 
strongly depend on the medium in which the latter are dispersed and on the 
extent to which they are bound or adsorbed. u - ,t. 

One aspect that has become clear from flavor research work is the pnn- 
ciple of flavor balance. It is the delicate balance among the many aroma 
compounds most of which are present in subthreshold concentrations, that 
produces the desirable flavor of a particular food product. If this balance is 
disturbed an off-flavor may occur. A difference between two batches of a 
product one of good sensory quality and one with an off-flavor, often may 
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be a matter of quantitative rather than qualitative difference in flavor com- 
pound composition. Examples of this arc given in the discussion of the flavor 
of milk and dairy products and of certain defects. Of course, there are also 
flavor defects that result from specific contaminations or arc caused by 
specific compounds produced in chemical, enzymatic, or microbial processes. 

It is desirable to know more about the influence of the physical structure 
of products on flavor (e.g., the effect of homogenization of milk on its flavor), 
about physicochemical interaction between aroma compounds and constit- 
uents of dairy products (e.g., the adsorption and binding of flavor compounds 
to lipids or proteins), and about the extent to which flavors arc released 
when food products are eaten. 


18.2. THE FLAVOR OF MILK 

Fresh milk (raw or low-temperalurc pasteurized) of good quality has a bland 
but characteristic flavor. The sensory perception it brings about is dctcr- 
mmed raatnly by the p easant mouthfeel from the physical conslitution of 
is an emulsion of fat globules in an aqueous colloidal protein 

TSr''- coneentmtions. consti- 

conthuVm^S mifk"''’" “port-"' p™™ 

These belone to manv srona compounds have been identified. 

Sno s feuyVc^riacto^^^ compounds, al- 

whlTrep7e“lThe figure 18.3, 

milk heated 12.0 s at 73"C in a tSto^ 1°'"!^ <'°w-P“steurized 

high-tempeiature-treated milk processed bvrnr'’ 

in a tubular sterilizer). A condeol.. r . ’’“''"8 

and further analyzed by coupled capil|[2!"''l P'''P“'''‘’ 
compounds were found. The odors Tnd ?avo°r“T ‘"’P 

were evaluated in order to determine widch separated fractions 

overall aroma of milk. It is clear that ih ” compounds contribute to the 
many volatile compounds mostly presenUn v.'I^i”^ 
their flavor thresholds The total amm ” concentrations below 
ms-kg-k Therefore, the qulnmy 7^070^.^’ a" 
be less than 1 M8-kg“‘. A number nf # 1 , individual constituents will 

from the feed to the milk while others re^im may be transferred 

constituents by chemical, microbial and en minor conversions of milk 

of aroma compounds formed exceeds reactions. If the quantity 

e upset and ofT-flavors result Thesca^sne ’ flavor balance may 

types of flavor in milk by heating are dkcn^^H of different 

m the following section. 
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18.3. OFF-riAVORS IN MILK AND DAIRY PRODUCTS 

In many milk and dairy products the same processes of deterioration can 
occur, which may lead to similar types of off-flavor. However the quanti- 
tative composition of the product (e.g., low or high fat content), the physical 
structure (e.g., emulsion or dried product), the bacterial constitution the 
process of manufacturing, and storage conditions can affect greatly the type 
of deterioration that is prevalent, the course of the reaction, and the per- 
ceptibility of any compound causing off-flavors. 


18.3.1. Off-Flavois Caused by Extraneous Components 

Absorbed Flavors. Fresh milk may have off-flavors from the transfer of 
cermln exponents from the feed to the milk. There are two pathways by 
which flavor compounds may enter the milk through the cow One is by he 
pulmonary tract to the bloodstream, to the mammary ce>'s. and into the 
S tL other is through the digestive tract to the blood and thence into 
The mUk! It should be noted that odors in 

contaminated air, or from substances 8'^^" “ff by the cow in the b ^ 
swell urine and feces) may accumulate readily in the milk by the inhalation 
r^e and cin llTto oMavors. Also, residual disinfectants may mpart 
off-flavors to milk. The direct transfer of odors by exposing milk to the air 

in the stnble sccins to be less sisnificnnt* i •t* 

Removal of absorbed flavors, particularly those caused by low-boi mg or 
hyShilic expounds, is possible by heat and vacuum treatment, but some 
off-flavors are very persistent. 

Feed Off-Flavors and Weed Taints. These are caused by increased 
quamidefof benzyl mercaptan, methyl mercaptan, dimethyl sulfide, di- 
methyl disulfide, indole, skatole. and tnmethylamine. 

rnw„ OAvor Cowy flavor sometimes occurs in raw milk, especially in 
the sS^eriod. U can be attributed in par. to the transfer of taints from 
hrw in The stable or from the feed. However, it seems to be related 
partkubrly to ketosis or acetonemia, a disease in cattle involving the en- 
"ous energy metabolism and leading to increased concentrations of 

acetone in milk. 


18 3.2. Off-Havors Caused by Chemical Reactions 

OnlctAtlon Flavor Defects. An important source of flavor defects in milk 
and^dairy products is oxidation of the lipid fraction. These defects arc caused 
chiefly by increased conccntnitions of carbonyl compounds resulting from 




rijure 1 8.3. Diagram of volatile compounds lhat contribute significantly to the tlavor of low 
pasteurized and UHT-hcaled milk. After H. Badings and R. Necter, Nelh. Milk Dairy J. 34 
(1980)-9. 


Identity of Peaks that Contribute to flavor 

Peak Number 

Compound 

LP 

UHT 

0 

Hydrogen sulfide 

0 

2 

7 

Acetaldehyde 

I , 

0 


Methane thiol 

0 

I 

14 

Dimethyl sulhde 
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3 

25 

Diacetyl 

2 

3 

39 

3-methyl butanal 

I 

2 

42 

2-methyl butanal 

1 

I 

46 
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0 

1 

49 
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0 
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/-butyl mercaptan 

0 

1 

61 

Methyl isothiocyanate 

0 
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66 
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2 

I 

77 

Hexanone’2 


3 

78 

Ethyl isothtocyanate 

0 

1 
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0 
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1 
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1 
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1 
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0 
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I 

I 
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I 
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I 
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1 
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I 
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0 

4 
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I 
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1 

1 
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2 
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naphthalene 
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1 
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0 
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0 
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Identity of Peaks that Contribute to flavor {Continued) 

Peak Number 

Compound 
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3 


= slight ^ nxxlcralecontnbiiti(»n;T 

only n slight comnbntion. The irnen” u’’'''’ “ " ''I' 

appear here in the chromalognim. ot" P'en, because solvent peali 

Thi^ rroi JJ^b7Ihe°Sl'r» iVriS 

' - '"‘^"-'■Wo.oOavor.'”:’! 5 "r's^ng a’n;” 


(am)oxidalion is discussed in more demin" ^ "'ccl'ani*'" °r 

of formation of aroma compouSs bv the" “"'S' "”= 

linoleic acid as an example. (See FieSrc IsTl 7“,?°'" 
acid the C-11 methylene group is fhe ' ftn " 7 

tennediately formed free radical (I) is 5, ab^"^ P“'"' "n": '«'■ 

hybnd structures (I, II and Iin 'll! resonance, and the three 

peroxides. The latter may decomposrm nM 7 7 ‘'“""'“•io" “f hy^ro- 

(which may readily transform int^s /rLsl!^'''’'!' ''”“"“1. 2-CM-octenaI 
dienal (partly changing into the irant ^^otner) and l-rransA-cis-dcca- 
From the dilTerL^nsatumt^r/at.T^^?™"'-. 
compounds can be formed along this """"y ‘^“'''’^"y' 

typical oxidation flavors. Examole^: ar« Matter may contribute to 

noted that a very limited oxSn ofTheT" 18.2. I. should be 

can contribute to desirable flavors Hi.r« dairy products 

component balance is valid; verv low P^ttciplc of the flavor 

Mg'kg ) may contribute to a fuU cn* of 4-c/5-heptcnaI 

onhT" 'r'^^-^-oneand hex^ariP same holds for 

?cnru7‘' “'"""“"'Is passes a certain S' ’ 'l>= concentration 

dboard, metallic, green). ’ °^'tlation flavor defects occur 
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CH,-1CH,U ^/H ./- 

CH=CH CH=CH 


© 


•CH- 


CH3-tCH,)4 CH=CH 

\lj m / 

CH=CH 


CHj-ICHzU - 

\h-ch 




CH3-ICH2k-CH=CH-CH=CH-CH(t^OH)- 

CIS frvns 


CH3-ICH;)2-CH=CH-CH = CH-CH0 


® CH,-ICH2)4-CH = CH-CH(0i0HI- 

CHj-|CH2),-CHI0i0HI- 

1 

CH3-(CH2)4-CH0 


2-^rans.£‘as-cl6cadienal 
ngure 18,4. Formation of aldehydes 


CH3'(CH2)4-CH=CH-CH0 

hexanol 

in the autoxidation of Imoleic acid. 


Table 18.2. Compounds Contributing to Typical Oxidation Flavors 


Compounds 

Alkanals Ce-n 

2- Alkenals C6-jo 
2,4-AlkadienaIs C 7-10 

3- cfs-Hexenal 

4- m-Heptenal 

2,6- and 3,6-Nonadienal 
2,4,7-Decatrienal 
l-Oclen-3-one 
1 ,5-dj-Octadien-3-onc 
l-Oclen-3-ol 


Example of Fatty 
Flavors Acid Precursor- 


green, tallowy 
green, fatty 
oily, deep-fried 
green 

creamy, putty 

cucumber 
fishy, sliced beans 
metallic 
metallic 
mushroom 


most UFA 
most UFA 
Lo, Le 
Le 

C.gzA" 

Le 

Le 

Lo 

C», A5,8,11.14,I7 
Lo 


1 ^ ..c ihr nblcs in this chapter contain abbreviations. Some 

Note: For Ihc sake of conciscncs • ^ ^ esters: Ca-mcthyl =• mcihyl- 

cxamples arc aldehydes: C 4 - butanal. 3 ^ ^ 2-pcntenal. OA** = 4-ciVhcplcnal; 

butyrate; ulhunoU: C,-, - oopropanol. alkcnuls. 

lactones: 6 C,. - Mccalaclone. _ Imoleic acid; Le - linoicnic acid; 

■Abbreviations used; UFA = “HfnV It and 15 ch. 

C,. , A 1 1.15c . C,. fatty acid uith double bonds at It amt 
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The changes in flavor of dairy products as a result of oxidation also depend 
strongly on physical constitution and chemical composition. In butter, au* 
toxidation proceeds particularly in the phospholipids of the fat globule mem- 
brane material. The oxidation products migrate to the milk fat. This may 
cause metallic off-flavors at the start of oxidative deterioration. If this process 
continues, flavor deterioration proceeds in the sequence fatty, trainy (fishy), 
and, finally, tallowy. 

In milk powder the lipid fraction as a whole is oxidized, directly resulting 
in tallowy off-flavors. In buttermilk only small quantities of phospholipids 
are present in an aqueous phase. Here, the oxidation may go on to form 
secondary oxidation products of lower molecular weight, such as I-penten- 
2-one, which impart a distinct metallic flavor. 


HcAt-Induced navors. These Havors are a separate subject. Mostly, 

nrndnT ^ treatment to which milk and its 

products must be subjected m order to obtain suIBcicnt keeping quality (i.e.. 
to delay microbial, chemical, or enzymatic deterioration) 

73"C forTo sUsirlsTr"® Low-pasteurized milk (e,s., 

cream (e s 83*C for in flavors. High-pasteurized milk and 

c3 mltalv bv “"iL® ™ "hich cooked Havor is 

compounds that volatile sulfur 

thermal conversion of milk proteiS’lnrimf I 

membrane). ^ protems from the fat globule 

kanones) are formeT'upon'th^maf^eM if ^’^'''yl ketones ( 2 -al- 
(liberated by hydrolysis^of milk fat): “f P-keto fatty acids 


R C CH, COOH R_c— CH, + COj (18.2) 

la^^ilarly, and ^bydrozy fatty acids may produce the eomesponding 


r-ch-ch,. 

OH 


-CHj— CHz—COOH - 


rX^O 


+ H 2 O (18.3) 




j 10 min at iisW- sterilization flavor 

pounds as maltol, iso-maltol and certai^ r attributable to such 

-al conversion of sugars and 
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18.3. Off-Flavors In Mtlk and Dairy Products 

Malllard Reactions. Maillard reactions make an important contribution 
to the formation of flavor compounds in milk and dairy products during 
heating, drying, and storage Lactose and milk proteins may undergo car- 
bonyl-ammo reactions of a very complex nature, involving (1) carbonyl- 
ammo reaction, (2) rearrangement, (3) further ammo reaction, and (4) deg- 
radation of ammo sugars into flavor compounds and brown colors Exarnples 
of flavor compounds formed m this way are furanes (f-hydroxy me hyl 
furfural, 4-hydroxy-2,5-dimethyl-3-[2H] furanone), pyrroles (N-subst tu ed 

pyrrole aldehydes), pyrazmes (d.alkyl 

of (heterocyclic) compounds containing S, N, an nrtmnc and/or 

examples are given of aroma compounds formed by Maillard reactions and/or 

sugar caramelization and their flavor impact , , « pa 

These aroma compounds may contribute to desirable A^rs m food p od- 

ucts such as coffee cream and evaporated mi nroduce 

reactions, as a result of excessive heating or pro onge s ' g .i, a,.g 
compounds that are undesirable at the concentration 

present A typical off-flavor occurring in stored sterile concentrated milk 
Td dried milk products is gluey flavor, wh.ch .s caused mam^ o-amino 
acetophenone It probably is formed by degradation of tryptopha 

Usht-fnaucec. Flavor. 

'ors.r,xrh;.S!;‘p.- ^ 

mercaptan and sulfides are formed It is evident that oxidation processes 
also are initiated by light radiation 


Table 18.3. 


Examples 

Reactions 


of Aroma Compounds Formed by Maillard 
and/or Sugar Caramelization 



maltol 

(caramel) 



5 h>droxynicthyI furfural 
(maliy) 



4 hydroxy 2 5-dimcthyl 
3(2H) furanone (canmcl) 



o amino icclophcnone 
(pluc> stile) 



2^-dimeih>lpyra/me 

(roasted! 
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18.3.3. Off-Flavors Caused by Microorganisms and Enzymes 

The growth of microorganisms in milk and dairy products easily may produce 
different kinds of flavor defects. Similar defects may be caused by the action 
of bacterial or milk enzymes. 


Unclean Flavor. Unclean flavor may be the result of an increase in the 
concentration of dimethyl sulfide, as caused by rod-shaped Gram-negative 
psychrotrophic bacteria, which may develop at temperatures of 4®C or above. 

Fnilty navor. Fruity flavor results from ethyl esters of butyric, isoval 
enc, and caproic acid, which arc produced by certain psychrotrophic or- 
such tis Pseudomonas fragii. 

mcdivl'hm-Tn^T' h’o"'' 3-mclhyI butanal, 2- 

rro'clsSVa^ growth of rep- 

stcrni'ed'milkTeLL'''"f°‘'' "'^^'onally in in-botllc 

is caused byThe brea'wowo'^of “'“ionally in UHT milk. This defect 
storage. A sufficiently intcns^ivetiTtrcatoLVr''"”'';* 

may inactivate the milk proteinase (plasmii^rhn, "’°'V^“" ® 

W .11 resist even very rigorous heat treatmem ffi JnTt 142 tT 
liberation of lower ffittyacid^s^rc'^trvhv'' is caused by 

In rancid milk the acidity of the’mi'lk fa*! I'P^sus. 

per too g fat. In milk products of lower nH ' '*cceds 1 .4 mAf alkali 

and yogurt, the concentration of undissociaied fau bmierrailk, 

results m rancidity at much lower Bni v i increased, which 

on problems caused by 1100^ are dUr (Forlher details 

It should be emphasized that 5-5-) 

f™j‘I'„fl“™rs are important probS'hl L'" ™‘"' as unclean and 

of bulk milk collection and prolonged sloragTrf raw milk 


■»-4. rwVOR OF MILK PRODUCTS 

ent dunng processing, which ma 
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Elve nse to browning reactions These result in the formation of compounds 
Lt are similar to those found in UHT and high-heated milk Volatile com- 
pounds m sterilized concentrated milk are 2-alkanones, benzaldehyde ace- 
tophenone 2-furfural, furfuryl alcohol, hydroxymethyl furfural, naphtha- 
eL 8 decalactone, benzthiazole, and o ammo acetophenone Dunng the 
stomge perl stale flavors may develop from an concentrat on 

of a number of these compounds o-amino acetophenone seems to be the 
most relevant compound for this flavor defect at 
and above A rubbery aroma results 

o-ammo acetophenone Several alkyl 

spray-dried whey subjected to ^ ^ temperature treatments 

In the manufacture '^^ole m Ik powder^higt.^^^^_^P 

usually are applied to powder which are caused by 2- 

impart heat-induced flavors '^^o cursors and other products of 

alkanones and lactones formed from hpidpmeurs^^^^^^^^ 

browning reactions J’® ,helidation of lipids, which leads to 

whole milk powder is ,hat may cause tallowy, metallic, oily, 

an oxidation flavor at 0 07 MS s,ole flavors may develop if 

Coconut flavor (caused by content of the milk powder are too 

the storage temperature ‘ ‘ ,,35 ,,een proposed with the purpose 

high Steam f =°^°"“‘'72°!iranoncs Ld also decomposing and removing 
of removing lacton^es used for the manufacture of foam 

l^pmySTc:;— 


18.4.2. Cultured Dairy Products 

cultured dairy products is mainly the result of 
The charactcnstic aroma o‘ b.actcna strains Its flavor elements 

the metabolism of the ‘=°"’P°" ' , cultured flas or that depends on 

are an acid taste, supenmposed on a typical cu 

the type of mixed-strain starter ihnt contnbute to the t> pical fla\ or 

The most important 

Table 18 4 
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Table 18.4. 

Piindpal VoUtile Compounds IsolAted from StArtcr 
Cultures 

Importance 

Compound 

Primary 

diacclyl. acetaldehyde, dimethyl sulfide, 
acetic acid, lactic acid. CO 2 

Secondary 

aldehydes: C.. C,, C,. 2MeC,. 3MeC. 

J alkanones: C,. C„ C,. C,. C,. C,. C,, 
alkanols: C,. Cj. C„ C,, 2MeC„ 3McC, 
methyl esters: C,, C,. C., C„ C„ Cio. C,- 
ethyl esters: C„ C;. C„ C., C,. C,„, C,j 
5-lactones: C,. C,. 
miscellaneous: H,S, methanethiol 
2-phcnylcthanal, 

2-phenylclhanoI 


It IS the balance among the various aroma compounds and CO, tin itseir 

comDosition of !h^ m 5 v ^/4 ^ aroma. For ihis reason the 

balanced flavor or for cena b oMTo'm'"L\Vfl:^^^^^ f 

caused by acetaldehyde, which is produced '* 

locaccus laclis or S. diacetylaclis mc nre^en, • "“"’’’O'"* of 

mmorisllaciis population The ratio ora ' Leuconostoc 
imately 4:1 in desirably fla^red cultured S is approx- 

result in yogurt flavor. Products, ratios of 3:1 or lower 

Examples of other flavor defects that ma„ „ 
and that arc caused by lactic bacteria are ^ ™ '“'‘“red dairy products 

In cultured dairy products containine r vf */ flavors, 

buttermilk) oxidation products contriLte 5 ^^?:'^"^“!“'^''' P’'°5Pflolipids in 
amples are I-penten-3-ol and I-pcnten 1 n f"'^POntly to the flavor. Ex- 
These compounds and other oxidation n ,I!i' °*M>4ed buttermilk. 

tohaS Lfe^tofand 

aroma are given in Table 18.5 The «ron» identified in yogurt 


Th fl 18 r 4 . 3 . Cream and Butter 

lormed from precursors during 
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Table 1 8.5. Principal Volatile Compounds Isolated from Yogurt 


Type 

Compound 

Alkanals 

C„ 2MeC3 

Alkanols 

C„ C,_, 

2-alkanones 

C3, C4, C5A*, C6t C7, C9, Cn 

Fatty acids 

Cl, C2, C4, Cft, Cg, Cio 

Ethyl esters 

C„ C2 

y-lactones 

C5 

6-lactones 

Miscellaneous 

diacetyl, pentanedione- 2 , 3 , acetyl methylcarbinol, 

3-hydroxypentanone-2, 2 -hydroxypentanone- 3 , 

dimethyl sulfide. 

benzaldehyde, benzylalcohol, methylbenzoate. 
2-phenylethanal. ,r ^ , 

furfural, furfurylalcohol, 5-methylfurfural, 
2,5-dimethylfuran. 2-pentylfuran, furyl methyl ketone, 
fiirvl ethyl ketone, furyl- 2 -propana !-3 


. .T-i. • nf lactones for the flavor of milk fat and sweel- 

processmg. The significance of l^nes W contribute. 

cream butter IS vyeU established but Severn^ from sweet-cream butter are 
The principal aroma compounds is (c, indole, and 

listed in Table 18•6^A>knnolc acids (C^ou:). W 


Table 18.6. 


Type 


Principal volatile Compounds Isolated from Butter 

Compound 


Alkanals 
Alkenals 
2 -alkanones 
Other carbonyls 

Lactones 
Alkanols 
Fatly acids 
Methyl esters 
Ethyl esters 
Phenols 
Miscellaneous 


2 MeC,. 3MeC, 

C,A=-C„4= 

C 'Cij 

c!-3onc, diacclyl. acetoin. bcnzaldchyde. 

2-phcnyleltianal.phenylpropandione 

SC.-...7C.-,..yi’C,:.aA’C„.bovolide 

C O C, 4. C,-5. C*. Ci. C,-,. Crft. Ci; 

Cl. C;. Cio. mclhylbcnzoatc 

Cf C'. C*. Cfc, C?. C». Cio. Ci; 
phenJi. m^rcsol. p-crcsol. o-mclhoxy phenol 
dimethyl sulfide, indole, slutlole. H,S. 
benzlhinrole 
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cresol, and o-methoxy phenol are of borderline significance. Other com- 
ponents reported to be important to the flavor of butter arc dimethyl sulfide 
and 4-dj-heptenal. It should be noted that flavor and taste elements (c.g., 
salt) are better perceived if the moisture droplets in butter arc larger. 

The flavor of cultured-cream butter is composed of aroma compounds 
also present in sweet-cream butler and of others present in starter culture. 
Both products already have been discussed. Diacctyl seems to be the most 
important component which, together with acidic constituents (mainly lactic 
and acetic acids), sweet-cream butter constituents, and dimethyl sulfide (which 
balances the diacetyl flavor), creates a fresh, mild, full creamy flavor. 

In Table 18.7 a composition is given that produces a flavor similar to that 
of npened-cream butter, when added to sweet-cream butter. 

pie flavor of cream differs from that of sweet-cream butler mainly in its 
higher quantit^y of constituents from the aqueous phase of milk and the fat 
globule membrane. \Vhipping of the cream may give a slight increase in 
oxidation products, which (,f present in very low conccnlrations) improves 
the flavor. 4-cij.heptenal in particular, if present in pgkg- ' quantiticL con- 

ones and otL’^I’’' su'Mc. dimethyl sulfide, lac- 

rier of "r '"““u butter also contribute. 

A number of flavor defects, such as rancid, unclean, malty or veasty 
which were mentioned before and which are caused by "nzlaUcTmh 

occm in butter if ih“ """i- Yogurt flLor may 

Cooked flayorcaused\7hydrS°sulfide and r 

to which the cream is siihiX-t.a* sulfide and resulting from heat treatments 
intensity. ® pasieunzaiion at lower 

wcicnoraiion. Compounds contributing to 


Table 18.7. 


Diacetyl 

3- Methylbutana! 

4- cij-Heptanal 
2-Phenylethana! 
Acetic acid 
Valeric acid 
Phenol 
P-Cresol 
Guaiacol 
Ethyl butyrate 


Formulation for CuKured-Birtter 
sweet cream butter) 


Flavor (mg/kg added to 


0.01 

0.006 

0.002 

57. 

0.15 

0.01 

0.005 

0.002 

0.002 


y-Decalactone 

5-Decalactone 

5-Dodecalactone 

HjS 

Methyl mercaptan 
Dimethyl sulfide 
Indole 
Skaiole 

Sodium glutamate 
Lactic acid to pH 4.6 


3. 

3.6 

6.9 

0.01 

0.01 

0.06 

0.006 

0. 67 

1 . 
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either desirable flavors or to typical oxidation defects according to their 
concentration, have been discussed before. (See Table 18.2.) 


18.4.4. Cheese 

which IS caused by salt, lactic acio p compounds is very 

lipid degradation product . . a ]50 cO^ ipust be considered to 

different for different types of cheese. Also, ipu 

contribute to the overall flavor of cheese. 

fottu nrirfs (ffa) are constituents of Cheddar cheese 
Cheddar Cheese. . between Cheddar flavor and the ffa content 

flavor. However, any coirelauonba^^^ 

is difficult to establish. At any rate, mn 

development of Cheddar flavor. identified, but 

Many aroma =°'?P°“"fi„nmcance of these compounds is limited. From 
information on the flav°r sign n,i „5 

recent work it is clear Cheddar flavor. The background 

with a starter culture develop j other products of protein 

flavor is caused mainly by pept.de, am^^ „,ethane.h.ol, dimethyl sulfide, and 

breakdown, whereas Motion. Probably methanelhiol is essential 

diacetyl are found m the volatde ftacuom y 

to Cheddar cheese aroma. ^ aroma, but they may affect 

Volatile acids appear noi j-alkanones and lactones may contribute to 
the taste of the own they do not impart a typical Cheddar 

some extent to flavor, o ^^acse flavor seems to be related to the 

flavor to cheese. A go d sulfur compounds, 

balance between the tree laux 

, . rh.ese Although different types of blue cheese such as 
Blue-Veined Chees ^la, differ in their delicate flavor, they have 

Roquefort, Stilton, an particularly from free fatty acids, methyl 

a basic flavor in comm compounds identified are a-keto acids, al- 

kctoncs, and 2 -aman ;,a,incs. Low concentrations of l-octcn-3-ol .also 
dehydes, ethyl esters. . principal volatile compounds found in blue 

have been oetcctco. ^ present knowledge makes it possible to 

cheese is g'ven ui cheese flavor or to produce it by submerged fer- 

rt The flavor of Camembert comes partly from the white mold 

Omemben. prowing on its surface. Flavor compounds arc 

(particularly r-- .j,r difference in flavor between Camembert and 

listed in Tabic lo-^- 
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Table 18.8. Principal Volatile Compounds Found In Blue Cheese 


Alkanoic acids 
2-alkanones 
2-alkanoIs 
Methyl esters 
Ethyl esters 
Alkanals 
1-alkanols 
Miscellaneous 


C 2 , C4. 2MeCj, 2MeC4. Q, Cs, C,o, Cn 

c,.c,.c,.c„ c„ 
c,. c,„. c,. c, 
c<,c..c..c,.. c„ 

C..c,.c..c.. c,. c,„ 

Cl. Cj. C4. C/_4. C,_3. 2-pIienylethanal 
C4. 2MeC4. 3MeC4. 2-phenylethanol 
keto adds, amines C,. Cj. C4, C,-4. C,-j 
dialkylamincs C,. Ci. C,. C4 


cheese S'rIu" ^ “"«n>->ion of l-oc,en.3.oI in the former 
flavor sim^mlv add 

navor simply by adding a suflicienl quantity of l-oclen-sib 

flom™Sh.ro1IrveS‘sn?r"“'V “f h^ve a surface 

ibaclerium linens) The flora ? Feasts and bacteria (particularly Srev- 

nounced flair ’whS, ,s Iused t“'t. 'd ^ 

methanethiol. hydrogen sulfide and particularly 


portantconstitulntslf slssIhlsefllSrbuI'^'^ Propionic acid, are im- 

neese navor. but many other compounds also 

Table 1 8.9. Prindpal Volatile Compounds Found In 
. CamembertTh 

1- aiKanois 

2- aIkanols 

?pheny5eVhSd '-“""-3-“' 

2-aIkanones 

c-c,.c..c„c„ c„ 

Alkanals 

dC,^dC^’ 

Ethyl esters 

C,. C,. 2MeC.. 3.\IeC4 

Other esters 

C 4 . c„ c„ 

Phenols 


Lactones 

phenol, p-crcsol 

Sulfur compounds 

«:,o, ac„ 

Anisoles 

Miscellaneous 

Mn2eI"'’V’«'«-'‘>P'"tane.2.4.- 
anisnlf^ A. ^■'"'‘hylthiopropanol 

h.d^^ 2.4.dimcthylanisole 
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contribute to it. Probably keto-acids, which were found in the fluid m the 
holes of the cheese, also play a role. More recently it was found that mono- 
amines and alkyl pyrazines also may be important. 

Gouda Cheese. The knowledge of the nature of the flavor compounds 
in Gouda cheese is limited at present. However, it is clear ^ 
results from the breakdown of lipids, casein, lactose, and 
ole 2 4-dithiopentane, and several alkyl pyrazines also were found in the 
aroma of Sa cheese It is the correct balance among the various flavor 

substance^that creates a desirable Gouda cheese flavor. Any 

a j f n #»Yrpc«;ive formation of free fatty acids may lead 

cause flavor defects (e.g., excessive lunnauv/ flavor 

, , j awoJm mav cause a bitter taste). Otner tiavor 

to rancidity, and certain peptiaes may ea /fniUv ftnvnrO n- 

j r . t. rsaA Ut/ formation of esters (truity liavors), p 

ttol(pZdrcravor),and4-mercapto-4-methyl.pentanone-2(ribesorcatty 

taints). 
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Nutritive Value 


I9.t. GENERAL ASPECTS 

S 0 f“«scnM f “ supplies, 

vitamins) (3) the di»« i ? ““''s- minerals, and 

coStfta^ftXtnf »f ■<* nutrients, and (4) its 

ily can be evaiuated ?y analysis for Nutritive qual- 

determine the extent to which growth k sun^n ‘a 
or health is maintained. supported, nutnents are retained, 

humans^ Soine socie«es*rely*heavflron'* nt ''uluc of milk for 

adults, and milk frequently^is the soIp" ^ •” '“Pn'k ucrtain nutrients to 
human infants. Thus, it is natural Hurt component of the diet of 

ability of cow’s (and to a centered on the 

needs of human adults and infants Tht.^ • - ^ supply the nutritional 

composition of milk to nutrient reouirlm approach has been to relate 

of humans with milk have bLn'S m 

established in several countries (see fori. ^ requirements have been 

Allowances of the Food and Nutrition Recommended Dietary 

U.S.A,). These standards probably have bp’ of Sciences, 

r-tsLir — 

lactoTe L^Te'S.'SXtfXXh its fa,. p,„.ei„. and 

chain dietary fats (-39 3) somewhat lower than the 

c^m fatty acids. The value for protein ‘^«ntent of short- 

tibilitv U crude and true protein TaV^* “^certain, partly because 

and Jim complete and that pan of that diges- 

"'“"'cthermetabolites.themS^n;^^^^^^^ 

^ available energy is about 37.0, 
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17.0, and 16.8 kJ-g- (8.9, 4.1, and 4.0 kcal-g-) for fat, protein and lactose 
respectively. To this may be added ~15 kJ-g"' for lactate and ~10 kJ^ 
for citrate. Thus, if F, P, and L are contents in % (w/w), available gross 
energy of milk (in kJ-kg"') is approximately 

E = 370 F + 170P + I68L + 18 (19.1) 

Using the compositional data of Table 9.1, ^ f f 

are calculated to have similar energy contents f^.B-S.O MJjkg (67(^720 

kcal-kg->). In human milk, fat, protein, 20% 

5% and 40% of the energy, but in cow s milk they furnish about 52%, 20%, 

be approximately equal when human, cow s, or goat s milk or suitable veg 
etable diets are fed in isocaloric quantities. rir^cpnipH as a nrofile 

relating the content of resulting quotient is designated nutrient den- 

as a common ‘i="°’"‘"^‘“’*Yinfants require about 0.43 g protein per 100 
• sily. Thus, rotein and 275 kJ per 100 g, furnishes 1.16 g 

kJ. Cow s milk, with 3.2 g P . 1.16/0.43 or 2.7 times the 

protein per 100 kJ. C°“e9U^i^‘J^„grgy. The profile 
amount of protein needed obviously, if the requirements are set high, 
19,1 was calculated ‘".“'•s ^ay- underestimate the ability 

as they probably are n most c . f rofiles of human and 

cow’s milk in meeting the req phosphorus in cow’s milk, 

dicates the great excess i P excesses of protein, thiamin, riboflavin. 

For adults milk furnishes imp hon and vitamin C. Concentra- 

and calcium over energy requirements are tabulated in the appen- 

tions of milk nutrients ana ^ ^ ^ ^a miih products, 

dix. Tables A.l, A.14, and A.^o, w* 


19.2. CARBOHYDRATES 

. ;.nv as a source of energy, furnishing 16-8 kJ-g"'. It 
Lactose functions af galactose because animals have more than 

is not required as a -zc glucose to galactose. Like other disacchar- 

sufficient capacity to ®P rted across the intestinal membranes unless hy- 

ides, lactose is not tra" P ^ ^aaipnncnts; glucose is taken up more readily 
drolyzed to its monosac slowly metabolized than. say. glucose, 

than galactose. of undesirable peak concentrations of glucose 

which prevents t*’® ‘’f'V'nc milk. 

in the blood after h"" ' specific for the ^1.4-linkagc in lactose is found 
P-galactosidasc '■“ of the intestine. However, in some indi- 

in the brush border m r,r present in only low concentrations. Lack 

viduals this enzyme is au 
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Table 19.1. Nutrients In Fresh Milk (-350 g) in Relation to Energy 


Content 


Unit 


Cow 

A 


Human 

B 


Requirement' 
per 1000 
kJ 
C 


Nutrient 

Density 

A/C B/C 


Energy 
Protein 
Vitamin A 
Vitamin D 
Vitamin E 
Ascorbic acid 


(kJ) 

(g) 

(RE)‘ 

(;««) 

(mg) 

(mg) 


Thiamin, B, 
Riboflavin, B 
Niacin 
Vitamin B4 
Folic acid 
Vitamin B,j 
Calcium 
Magnesium 
Iron 
Zinc 

Phosphorus 

Iodine 


1000 . 

11.6 

157. 

0.2 

0.35 

7.6 

0.16 

0.64 

2.4 
0.23 
18. 

1.56 

450. 

47. 

0.16 

1.4 
360. 

15.6 


1000. 

3.0 

333. 

0.2 

2.20 

14.3 

0.05 

0.12 

0.6 

0.03 

16. 

0.10 

100 . 

13. 

0.33 

0.83 

50. 

33.3 


4.3 

100 , 

2.5 

1.0 

8.8 

0.12 

0.15 

2.0 

0.15 

11 . 

0.38 

135. 

17.50 

3.80 

1.2 

90. 

10 . 


1.0 

2.7 

1.6 

0.08 

0.35 

0.9 

1.3 

4.3 

1.2 

1.5 

1.6 

4.1 

3.3 
2.7 
O.tM 

1.2 
4.0 
1.6 


I.O 

0.7 

3.3 
0.08 
2.20 
1.6 

0.4 

0.8 

0.3 

0.2 

1.4 
0.3 
0.7 
0.7 
0.08 
0.7 
0.6 
3.3 


(mg) 

(mg) 

(NEK 
(mg) 

(/^) 

(Mg 
(mg) 

(mg) 

(mg) 

(mg) 

(mg) 

(Mg) 

infant). * ”^**^* conccted for iRg 

•or iBv mg,day required by 9 kg 

by Ph'nomsnon is tended Uctos^infr'""' 

of lii ™ blood surar r l‘ “n be assessed 

l'‘Cl be?’ "CO 2 in cSred ai ‘T '”Eo*‘‘°" of a dose 

L it ■ “^^=“>'‘"8 for lakse in a st '"8=stion of a dose of 

ln.s£of:;'rt'tt 

“f “ '‘"8lo meal, likely classifies 
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as intolerant many individuals with sufficient lactase to handle more usual 
loads of lactose. 

Lactase deficiency may result from gastroenteritis. Microorganisms at- 
tacking the brush border membrane of the small intestine may so alter it 
that its lactase activity is impaired. Lactase deficiency also may result from 
genetic defects. A rare congenital lactase deficiency has been observed m a 
few infants. Much more common is a pattern of satisfactory lactose memb- 
olism in infancy followed by loss of lactase between ages one and four. The 
incidence of lactose intolerance vanes greatly among ethnic groups. De- 
scendants of groups in which adults have consumed milk for generations 
have much lower incidence than those from nondaiiy societies. For example 
incidences of 10% and 70% have been reported m Amencan white and black 
adults, respectively. Whether lactase is induced or ® 

established clearly. No clearcut evidence has been adduced that the enzyme 
can be induced or its loss during maturation prevented ‘ 

quantities of milk. Present thinking favors the idea that the loss of lactase 
4 Hies oi m oenetically and that the low incidence of 

dunng maturation is 4s resulted from a selective pro- 

actose intolerance in maturation also occurs in several other 

speeieVof mlmLls. Generally, however 

the animal i^lactol^^ 's galactosemia, which is 

Another genetic defe liver enzyme, galactose- 1 -phosphate uridyl 

caused by '’®‘'®‘?“®‘4talvz4 one of the steps (equation 19.3) in the metab- 
transferase, which catalyzes one 

olism of galactose. Three steps in P 

(19.2) 

(19.3) 

(19.4) 


Gal + ATP-^Gal-I-P + ADP 

Gal-I-P + UDP-Glc^==^UDP-Gal + Glc-I-P 

UDP-GalaS^UDP-GIc 


transferase, galactose, g.alactosc-l-phosphatc, and 
In the absence of the j tissues when galactose-containing 

galactitol accumulate jy^ptoms occur in galactosemia, including 

foods are ingested. A va thrive, eye cataracts, and mental relardalion. 
vomiting, diarrhea, considered to be eaused by galactitol, which is 

Some of the symptoms yhc only known cure is complete climi- 

formed by reduction ol Famili.al studies have established galac- 

nation of galactose ^^ssivc disease. It is exhibited by homozygotes 

tosemia as an a***°‘i°"'4^ticncy arc one per 20.009-70,000 live births. An 
only. Estimates of its "cq r»»ciillc frrtm r» flcrf-d in whicf 


nates of its results from a genetic defect in w] 

other, very rare type ° b- ‘ lacking. Galactose and galactitol, 

^oioK'rtnC Kcawii 


.’hich 

but 


oincr. vcr>’ ‘jr- ' .jQn 

the kinase in the tissues. 

not galactosc-1-”* tic of certain metallic elements across the 

Lactose enhances 
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brush border membrane of the intestine, specifically the ileum. Monosac- 
charides and disaccharides that are hydrolyzed before reaching the small 
intestine do not enhance absorption. The enhancing effect of lactose has 
been noted in both in vivo and in vitro experiments, mostly with laboratory 
rats and gut preparations from them. The effect has been observed with Ca, 
Ba. Sr, Rb, Mg, Fe, Co, Zn, and Pb. It is considered to be an important 
supplement to vitamin D in facilitating absorption of Ca, The mechanism by 
which lactose operates in this phenomenon is not known but probably in- 
volves an alteration in structure of the brush border membrane rather than 
formation of laciose-metal complexes. 

One outstanding difference between human and cow’s milk is the much 
peater content of oligosaccharides in the former. About thirty of them have 
teen isolated from human milk, ranging from three to fourteen saccharide 
^ '^‘*“‘^'"8 'emtinal glucose; the other mon- 

Xtos^ n N-=':eiyI glucose. N-aeetyl 

S^LoraSharid N-aeety Ineurammie acid. The total concentration of these 

colostra “"r “i'ilactation milk and 25 

g kg in colostrum. By contrast cow’s milk contains only about I e of 
oligosacchandes per kilogram (some listed in Table A 9) Several of the 

human milk oligosaccharides, especially certain 

tasaccharides, promote the eroMh nfLI . 

dum (toerobaeWuj fuyiduri.^ey oftenTr^ eted"! 

the intestinal Hora of breastfed infants ^ 


193. MINERALS 

functions in bone and' S'' hllinVcnzy™'*’ ^ structural 

vators including Zn, Mg, Pe Cu'^M specific metallic acti- 

vitamin B,,, and Fe of herao^obi'n Minerals = ^ P=*'’ 

uents and contribute strongly to maini,!,, ™Ponant buffer constit- 

osmotic pressure in body fluidLndfcsues Phn “I’’”’ strength, and 

Uuch as ATP) participate in and are essential , =>nhydri‘i=s 

energy metabolism. essential to the processes involved in 

Milk supplies virtually all of the 

humans, (iinccntrations of minerals in ■'equired by 

d^Iy requirements are given inSiies a , “w’s milks and human 
a ^ge portion of the to^, Ca consumed i ' ““k f“™ish=s 

f the total in the "American diet") It hi , eountnes (as much as 75% 

m relation to energy for human infants^Sef ? =>"'• Phosphate 
^ of milk in the intestine is Vera '9 ' ) Absorption of the 

S '•‘'“i" D. Phos^ielt '^^osef as already 

bcld ' of Ca to P n S “-Tolated with that 

^uding organic P, is eonsiderri ,o te ad^j., ™ => molar basis, 
people for !hc prc%'cniion ofexees^e'nXS'- 
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Milk IS poor in Fe and neither cow’s nor human milk furnish enough for 
human infants Fortunately, infants have a considerable liver store of Fe at 
birth Intestinal absorption of Fe is greater from human than from cow s 
milk although vanations among individual infants are large The supenor 
absorption may be related to the higher contents of lactoferrin, lactose and 
ascorbate, and the lower phosphate content of human milk Most ot the Zn 
in human milk is bound to a low molecular weight ligand, pro a y ci ra e 
Such binding favors its absorption from the intestine Zn m cow s mi is 
predominantly bound to calcium phosphate in the casein micelles, it is re- 
leased by acidification as in the stomach 


19.4. LIPIDS 


. , , . , criiirre of energy Milk lipids average 37 

H 7 '‘P/s Pnmari y “ ""„ergy “content” with length of fatty 

a 1 ,’ ' rfv alwavs fu% liquid at body temperature (37°C), 

acid chains Milk fat is nea ^ . u l,p,ds are a source of certain 

which ,s a prerequm.teforits d.ges«bd^ Milk lipids are 

essential fatty acids, p”'* . Jbie and undesirable flavors in milk and 

important contributors to both desiraoi 
dairy products (See Chapter 18 ) 


j — nrocess IS lacimaiea oy one mai mu 

cerols, and fatty ®°“Pf ,,H,,fenlarging its surface area) and promote the 

in finely emulsifying the oil ( resulting acylglycerols, soaps, and 

access of lipase to the oil sun ^e^brane There resynthesis to tna- 
bile salts enter the intestina ^Iroplets called chylomicrons are formed, 
cylglycerols occurs, and sma ,be blood circulation The digestion 

which proceed via the lymph y y^nes with fatty acid composition and 
and absorption of tnacylglyc rgj, jugs Ihe molecule Long- 

wilh the pattern of and 18 0) form insoluble soaps with Ca and 

chain saturated fatty acids ( short-chain acids (6 0-10 0) are not effi- 
may not be completely ja and arc earned as such to the liver for 

ciently reestenfied m the m absorbed by very young infants than 

metabolism Human milk a caused in part by differenees in 

IS cow’s milk fat This ‘^.pubig 192 ) but probably largely rcsulls from 
fatty acid composition acids in the tnacylglyccrols Inhuman 

difference of arrangement ° pnmanly in ihe 2 position (which implies 

milk fat palmitic acid ,hat is readily absorbed) whereas in cow’s 

formation of 2 -monopalmi equally in all three positions (giving 

milk fat It IS distributed guj absorptive processes thus are favored 

insoluble soaps) The dig ,^g 2.position 

when palmitic and ' gaic that differences in fat globule size influence 

It has been absorption In particular, goat’s milk fal h.is been 

rales of digestion and ■ j,j,gstcd and absorbed because of Us smaller f.it 
alleged to be more r.ipidi> 
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Table 19.2. Approximate Fatty Acid Composition (% wAv) of Milk Fats 
Cow’s Milk Human Milk 


Acid Residue Winter Summer Range Mean 


Short Chain 
Butyric 
Caproic 
Caprylic 
Capric 

Long Chain, Saturated 
Laurie 
Myristic 
Palmitic 
Stearic 
Arachidic 

Monounsaturated 

Palmitoleic 

Oleic 

Poljunsaturated 

Linoleie 

Linolenic 

Arachidonic 

Note: Wide vanalion 


3.6 


3.1^ 



2.2 


1.7 [ 

<1 


1.4 


!.0 J 



2.9 


2.0 

0.3-2.0 

1.0 

3.4 


2.4 

2.a-8.0 

5.0 

12.0 


10.0 

4.0-17.0 

8.0 

31.0 


24.0 

20.0-28.0 

24.0 

IQ.O 


13.0 

3.0-10.0 

8.0 


0.2-I.2 


0.5-1.3 

1.0 

3.0 


2.7 

1. 0-6.0 

3.0 

23.0 


31.0 

28.0-43.0 

35.0 

2.0 


2.2 

4.0-20.0 

10.0 

i.2 


2.4 

0.5-3 .0 

1.0 


O.i-i.O 


0.5-3.0 

I.O 


occurs according .o nulrilion and gcnelrc faclors. 


Fat globules arc absorb™Ts' 5uch'"an/“'’ ® ^"=8=“'“" 

ongmal globule has little influence on the size of thi 

fttialsifying bile salts. Some exm* ■ ^ hydrolysis in the presenci 
milk failed to demonstrate a more ianid'm"'^r homogenizet 

than in unhomogenized milk, ^ ™ digestion and absorptioi 

ProsSSSthremS^^^ are essential precursors o 

■maleic. 18p.A9.12 c/s c/s, and ar^eWdo 'ryn /ac"/ P^'F^^aturated acid: 
sunnr 'Itat at least \% of the loinl ^^'®’ll'l‘* all c/s. In genera 

sapphed by such acids, and 4 % i. 'mtrgy of the diet should bi 

that the contents oHht?^ ''“™" '"rtt"'* 

^ th e * ■n-a linole ie acYd in hn "'a ■" It-ntar 

of the energy ,n the milk- coW, ""'h fat accounts for 4-55i 

f-about,f/ofthe total 

ether fat contains much arachidonic acid 
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Thus, It IS sometimes recommended that cow s milk formulas 'nfants be 
supplemented with a source of 18 2 acid such as corn oil Human mi k 
coXms small concentrations of prostaglandins but cow s milk appears to 

‘''MuchTnterest has centered on dietary lipids in relation <0 a^rosd-os.s 
and coronary heart disease Among the several ° 

correlated with high incidence of this condition is elevated cholesterol con 
“uTofthe blood ferum Part of the cho'esteroHn an^a s comes fro^^^^ 
diet, but a larger part is synthesized interna y le lower 

m, .c,d, (> C.) ».d,,o dev.„ 

thoWml i™i. Cow', "f “ '"““i „ 1 f.W 
g fat and has a low ratio of restnction or exclusion of milk fat 

acids of about 0 1 For t ^^e re Yl^e fad is, however, that 

from the diet sometimes has ,a it depresses serum cholesterol 

milk itself (not milk fat) is responsible for this effect and the 

levels The factor(s) in the nonfat portion respons 

mechanism by which it is achieved are n 
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oroteins depends pnmanly on their content of 
The nutritive ™^aids hat humans cannot synthesize Cow’s and 

the nine essentml ammo acws proportions of the vanous proteins that 
human milks differ markedly mixture of proteins of either 

they contain (See Table \y j ) 




Protein 
Casein® 

Fat globule membrane 
a hctalbumin 
p-lactoglobuhn 
Blood scrum albumin 

Immunoglobulins 

Lactofemn 
Li sozi me 

Miscellaneous 


Total 

•Ca«»n compoMiton 


Concentration (g kg ’) 


Cow 

Human 

26 0 

33 

04 

0 3'’ 

12 ' 

I 5 ^ 

32 

00 

04 

04 

07 

63 14 

<0 1 , 

1 5 

-ID-* 

04 

OR > 

? a 

33 0 

90 


IV al«> dilTercnl human millk ha^mp predomiruniJy 


52 
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species adequately fulfills the pattern of essential amino acid requirements 
for human infants. (See Table 19.4.) The digestibility of milk proteins and 
absorption of their amino acids is high. Biological indices sometimes used 
are: 

1. Biological value (BV), the percentage of absorbed N retained in the 
body. 

2. Coefficient of digestibility (TD) estimated from fecal N loss with and 
without protein in the diet. 

3. Net protein utilization (NPU), a measure of the overall utilization of 
ingested N. NPU = BV x TD. 

4. Protein efficiency ratio (PER), the ratio of weight gain of a growing 
animal to its protein intake. 

nSs‘ nartv h fo'- 'h" of -oi'k 

whatdecreaseTgesMty!'pX're'^'„sr^|.^®,^ 

for cow’s casein are BV - 0 M and PET“a ^”'="0"®)- Es'mates 

PER » 3.0t and whole prou^ B V "a9 pIr 3 * 2 %^ $^ 0 " “ ‘’•r’’'”' 

V.7, rcK i.i-i.A. The mixture of casein 

— Essential Amino Adds 


Quantity in Protein 

(mg-g-') 


Amino Acid 


Cow 


Human 


Daily Requirement 
(mg-kg“>-day-') 

Infant^ Adult 


Histidine 

Isolcucine 

Leucine 

Lysine 

Methionine 

Cysteine 

Phenylalanine 

Tyrosine 

Threonine 

Tryptophan 

Valine 


30 

55 

100 

80 

23 

50 

91 

67 

17 

42 

70 

33 

83 

135 

28 

14 \ 

51 

99 

9 

iM 

26 

49 

53 

36 1 



44 


73 

141 

48 

14 

72 

42 

22 

64 

35 

11 

48 

68 

21 

92 


approximate content* ... . 

recommendations » and human mil 

P-rt„,™c-NAS. U,S 


12 

16 

12 


3 

14 
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and whey protein has a higher quality than each one separately, because 
they are complementary in their concentrations of some essential amino 
acids; for instance, tyrosine plus phenylalanine are comparatively high in 
casein, cysteine plus methionine in whey protein. Protease inhibitors have 
been reported in colostrum of some species but apparently are not present 
in either cow’s or human milk. That the balance of amino acids, digestibility, 
and absorbability for both cow’s and human milk is satisfactory for human 
infants is attested by their high retention of N from either source. 

It is of some importance for young infants to maintain their protein intake 
at a not too high level, to keep down the renal solute load. If » 'arge POrt'™ 
of the absorbed amino acids is not retained for growth but metabolized, the 
urea content of the blood may become high and the kidney has ^Hiculty m 
removing it. The higher the quality of the protein in the food, the smaller 

the protein intake can be. . j ■ .u -i, 

Cow’s milk forms a rather tough casein curd in the stomach. Gastnc 
emptying and protein digestion are much slower than with human milk which 
has so little casein that it scarcely curdles. Dilution of cow s niilk wUh water 
or heat treatment sufficient to denature whey P™'^’ 
curd^The higher casein^^^^ 

D ontr'nH f fist Recess ry lor opTmal gastric digestion of the protein. 
Sour mifpr^ducls art sometimes preferred in infant formulas to keep down 

stomach pH. oarticularly infants, exhibit allergic responses 

Some individual ’P Evidently they had been sensitized by pre- 

to ingested cow s milk p ■ gamut from rather mild reactions 

Vious exposure. The ™"^uls aTthma. and in a few cases ana- 

such as rhinitis or diarrh causative agent is indicated by abate- 

phalaxis. Identification wiihdrawn from the diet. Reliable cpidcmio- 

ment of symptoms when i performed, and the incidence of milk 

logical studies scarcely . “ ,^5 range from 0. 1-0.5% of the population. 

allergiesisfarfromcertain.es ‘ diagnosed as allergic to milk have been 
In a few controlled studies P purified milk proteins. When tested 

ehallenged by oral “'I'”"’'.! ^lactoglobulin, and serum albumin clic- 

separatcly, casein, a-laclal .^’ suggested the formation of new antigenic 
ited reactions. Some studies ‘ ^|.,Qg|p|,ulin with lactose as occurs during 
determinants by '^‘^“*^!‘P"d°reactions) and others by brief pepsin hydrolysis 
intensive heating (Maillard interesting possibilities have not been 

of some of the milk for "naturally occurring" milk allergies, 

established as being rpspon ^rc relieved by substituting goat’s milk. 

Some cases of cow s mi „.iaclalbumins arc very similar antigen- 

but most are not. Cow s ”” so are their p-lacloglobulins. It would 

ieally. at least in in vitro would be involved in cases relieved by 

not be expected that milk protein that dilTers between the two 

use of goat’s milk- ^*"^.P!^romincnt in cow’s milk but virtually absent from 
species is n.i-.cascin. U " P 
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goat’s. Whether cases of cow’s milk allergy relieved by goat’s milk actually 
are caused by Ojj-casein is not known. 


Heal denaturation of a-lactalbumin and ^lactoglobulin diminishes their 
antigenic potency, but positive reactions to both have been observed with 
commercial evaporated milk in experiments in vitro and with guinea pigs. 
Apparently the heat treatment received in manufacture does not eliminate 
completely the antigenicity of these proteins. 


As shown in Table 19.3, a principal dilTerence between cow’s and human 
milk is the high content of lactoferrin and lysozyme in the latter. Both of 
these proteins have marked effects on certain microorganisms, lactoferrin 
by depnving them of Fe and lysozyme by attacking cell wall constituents. 
It seems possible that these proteins may serve to regulate the kind and 
ac ivity o I e ora of the digestive tract of human infants receiving human 
“owCmllk ‘ might differ greatly from that of infants receiving 


19.6. VfTAMINS 

meet requirements. Vitamins ranS in mnu 

acid) to 1355 (vitamin R v th-* from 176 (ascorbic 

^ 16 ).ThediscussioninMschXXX'" ” 

■n mtlk, variations caused by biologicaS „ ° vitamins 

equacy of milk in supplying human reo^v^ Processing conditions, and ad- 
functions of vitamins are'^nol discussed.^ aments. The specific biological 
Cow’s and human milks contain all nr n.. v 
vitamin K is scarcely detectable in man, known vitamins, except that 
of some of the vitamins for human an ^ ^P^riimcns. Milk is the major source 
(appendix) give theTaXTms “ S ^.14 

mended Dietary Allowances. Vitamins A D '’p*’°''’/P“‘“ and Recom- 
slobules and the others in the plasma of milk.’ 

mcr consisthig of 'foT," ^pXnits. ItXr^ed 

Mrotenoids, polymers of eiehl isonron^ r\c of provitamin 

ighest vitamin A potency because ii mn ^^^hese, ^-carotene has the 
yields two retinol molecules; other carotP h 

thesize carotenoids but not ^dnoj- P'^nts syn- 

retinol. Thev secun* synthesize carotenoids 

g stion of carotenoids in foodstuffs fmm ''**^min A requirements by 

ino in those from animals. Uniilrccenilv carotenoids and 

‘"‘eniaiional units (lU), one iul»einp p 

S qujvalent to 0.3 /zg of retinol or 
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0.6 ug of /3-carotene. The lower potency of ^-carotene was based on ex- 
periments with rats showing that its enzymatic conversion to retino was 
only about 50% efficient. The vitamin A potency of carotenoids is depressed 
by another factor— inefficiency of absorption in the mtestme. For humans, 
about one-third of the carotenoids ingested is absorbed. (Retinol is assumed 
to be absorbed completely.) The overall utilization of 
therefore, as one-sixth and other carotenoids as one- we (•rPv 

Current usage is to express vitamin A potency as retinol equivalents (RE). 

1 RE = 1 pg retinol 

= 6 fig /3-carotene 

= 12 fig other provitamin A carotenoids 
= 3.33 lU from retinol 
= 10.00 lU from / 3 -carotene. 

... „:iVa5rptinol retinol esters, and carotenes. 

Vitamin A IS present m eow smdk amount i„ ,he feed. The 

The content depends strong y jgrseys and 

ratio of retinol to carotene in cow s 

Guernseys, famous for "b^ieds. Some specimens of human milk 

carotene to retinol than do , retinol, others both retinol and 

fat have been reported to and skim milk often are fortified 

P-carotene. In some liter' Vitamin A is stable to heat, 

with vitamin A to about 200-500 Kt 

. • -I, T number of compounds with antirachitic 

Vitamin D. Vitamin D includes 

activity. Ergocalciferol (Dj) occu irradiation 

GV irradiation of ergosterol. C nrticularly in the skin. Both Dj and Dj 

of7-dehydrocholesterol in am • ^ irradiated skin of the cow, 

occur in milk coming from ‘ expressed in International Units; 1 lU 
respectively. Potency is s°j”®^gatent of vitamins D in cow’s milk is very 
= 25 ng cholecalciferol. in xhc vitamin D potency of human 

variable but always low ^^'.y.mer"'). Vitamin D potency of milk can be 
milk is also low (about 25 feeding higher levels of irradiated 

increased by (1) irradiating _ ^ adding concentrates to milk. The 

plant material, (3) irradiating used in some countries to fortify beverage 
last of these methods is m** Ip cholecalciferol). Vitamins D arc 

milk to 400 lU-liter-' (equivalent to 

Stable to healing of the ‘J*' ' apparent high levels of vitamin D sulfate 
Reports in the 1960 s in n the basis of colorimetric tests. Assuming that 
in cow’s and human mil antirachitic potency as vitamin D itself, these 

vitamin D sulfate has the sa nj.|iicr~' in human and bovine milks, rc- 

analyses indicated 950 nn ' with high-performance liquid chro- 

spcctivcly. Later jlng analyses, discount the claim of high vitamin 

malography and ligand-m . not be detected at all. Current opinion 

D sulfate contents. In ■ .* 

is that vitamin C 
hydroxylated at 


is that vitamin D and 26 positions, 


-- - I opinion 

in milk partly as D- and Dj and partly as derivatives 
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Vitamin L Vitamin E consists of a group of locophcrols. The most potent 
of these and the principal one in milk is o-tocophcrol. This is a strong 
reductant and serves as an antioxidant protecting lipids from oxidation. The 
vitamin E content of milk is rather low. It depends to some extent on feed; 
summer milk generally has a higher concentration than winter milk. It is 
stable to heal but may be partly destroyed by intensive Illumination In the 
presence of Oj. The vitamin E content of human milk is about ten limes that 
of cow’s milk. 


Vitamin K. Vitamin K is present only in traces in milk, if at all. Human 
needs for this vitamin arc supplied from consumption of plant materials 
containing it and by microbial synthesis in the digestive tract. 

Vltamiri B,. Vitamin B, (thiamin) occurs in milk largely in the free state 
but a pomon (1^5%) is phosphorylatcd. and a small fraction is bound to 
protem. The aettve b.olo^cal form of thiamin is the pyrophosphate form; it 
'“"m "’u Apparently, no thiamin in this form is 

The thhmhi'r ’■ '""'O'' probably is the monophosphate. 

«aS0n r^hreeH n f "' V’ 

ly «“o“ fgm It i'- 

thiamin as cow’s^milk. ^ contains only about a third as much 

form (65-95%). mostof the reiraimt'" mostly in the free 

flavin adenine dinucleotide (FAD) Probahl'"^ 

5'-phosphate (sometimes flav^ rat’' of riboflavin 

ally, but not always, highett.en orntn™''"’'"’'’ 

spring and early summer wht roilk i" the 

contains 25-50% more riboflavin'iha rar^"^' “"■* G“croscy milk 

concentration in colostrats t ot O'- Ayrshire! The 

IS smbic to heat treatment but is readilv cit' 'O'"'- R'boflas'in 
ro light. It is the principal light-sensitive ’“"’ichromc by exposure 

m photooxidativc processes is dcscriheH"**'*c '"™'yoment 

(nicoiiiv 

fn ^ as coenzymes for manv of nucleotides (NAD* 

mi k primarily as niacinamide at a con vitamin occurs 

mg-liter m cow’s milk and about 1.5 

"*g ‘n human milk. Differences 



19.6. Vttamlns 


371 


m content attnbutable to feed, breed, season, or stage of lactation are neither 
large nor very consistent The vitamin is stable to heat treatments used in 
dairy processes and to light 

Many animals, including humans, can synthesize niacin ro 
Approximately 60 mg of dietary tryptophan is equivalent to > mg 
Mdk IS rather deficient in niacin per se, but the ‘^yP’^^an content of Us 
proteins makes it overall a good source of niacin ° a 

pating NE of milk in relation to human ^^^mrements, as m Table 19 1 a 
sixtieth of the tryptophan content, minus the amount needed to meet the 
actual tryptophan requirement, is added to the niacin 

Pantothenic Add. Pantothenic acid is a 
dimethyl-butanoic acid linked end of that mo^ 

acid It constitutes a part ^ amide to the carboxyl of the 

consisting of 2 -aminoethanethiol linked ^ jack the capacity 

pantothenic acid Animals can assembl ^ partly free 

to synthesize its pantothenate moiety conflicting 

and partly bound (perhaps as „„ feed, breed, season, or stage 

on the partition Its content in milk d P ^ , red in processing milk 

of lactation It is stable to heat 'gW ^,,k is one-half to two- 

The concentration of pantothenic acid in human m 

thirds that in cow’s milk 

Vitamin B^. Vitamin Be a'pyndmeT^ with a^hydroxy- 

pyndoxal, and pyridoxamine “ aldehyde, and amine, respectively, 

methyl group at position 5, and a pyndoxal (70-95%), the rest 

at position 4 It is present in mi has not been detected in milk 

being in the form of pyridoxamin methods of extraction would 

Pyndoxal phosphate may ^f a,’,|k ,s somewhat higher when cows 

have hydrolyzed it The Be con breed differences have not been 

are on early pasture and in , ration but partly destroyed by stenli- 

observed It is stable to '°'^P aly about a sixth as much vitamin Bs 

zation or exposure to light 
in human milk as in cow s mi 

, .„,eiv in the free state m milk Biotm sulfoxide. 
Biotin. Biotin is present so ' jud, has been isolated from milk but 
a biologically inactive °’“‘r ia„on process The biotm concentration of 
may have been formed m the affected by vanations m feed, breed, 

milk IS relatively constant, Human milk contains about a fourth 

season, stage of lactation, or Processi 

as much biotm as cow s mi 

, „urs m milk primarily in the form of 5-meth- 
Follc Add. rolic a specific protein, folate-bmdmg protein, 

yltctrahydrofolate ‘i- binds folate In cow’s milk this protein is 

which specifically and strong y 
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present in excess of the folate; an additional 50 /ig-litcr"' of the latter could 
be bound. Problems in analysis of milk for folate resulted in many reports 
of extremely low levels. The best current methods indicate that the con- 
centration in cow's and human milk averages about 50 /igdiler"*. Goal's 
milk, on the other hand, has a markedly lower content of only about 6 
^g-Iiter"' although it has a large excess of the folate-binding protein. This 
vitamin is susceptible to loss by heating and exposure to Oj. It is protected 
by ascorbate, and its loss parallels that of the latter. Reports of natural 
variation in folate content, mostly based on older, less reliable methods, 
revealed little variation. 


Vitamin B|2, Vitamin Bn (cobalamin) is the only metal-containlng vi- 
tamim It contains an atom of Co, and it is the only known compound in 
which Co functions biologically. The content of B,. in milk depends some- 
what on the cobalt intake of the cow. In milk B„ is in the form of cobalamin 
(not cyanocobalamin) and more than 95% of it is bound to protein. The sole 
or at least predominant source of for the cow. and hence for the milk. 

The content docs not vary greatly 
ed^i «cept for a high content in 

S luTdeslroved nnofit anJ slable to exposure to 

5% as much B„ as cow's mL 

tamin*hi'cow’s milk'brcSisi" '"’Ponance as a vi- 

requirements and its lability totem l”„d '’“T 

acid in milk is the feed of the cow and In ' L-ascorbic 

is important in oxidation-rerf.irf u in liver. L-ascorbic acid 

OxidmlTo ».4 and 11.5.) 

vitamin C potenToI ‘uk hence, the total 

versibly cleaves the lactone rinp . ^ ^*^*^her oxidation irre- 

is biologically inactive. As milk^is sKreied'” ^.S^iikctogulonic acid, which 
oxidation soon produces LJehvdm 'n' L-ascorbate is present, but 
light by means of its Mutcet^S, ''' bV 

2ationmayeauscalossof20%invitr.dnr Section 11.5.) Pasteuri- 

It completely. Human milk . "lay destroy 

ascorbic acid as does cow’s milk ° ^ half limes as much 

huimn milk a day would get about 40 me eonsuming a liter of 

satisfy Its requirements. Sascorbic acid, which would probably 

ta for which no dietal^ requiremcmrari“’^'^*'"'''‘''°°'''eranimals, 
ml ''’'‘^■™‘"°bcnLicacid thi,!!.-^""*."' '^holine, carnitine. 

zoic'^Ie'n"' C™lents of choline 'a“rinc. All of these 

* are given in Table A,I4 and para-aminoben- 

and carnitine m Table A.9 (appendix). 
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Thioctic acid is mentioned in Section 8 14 Taurine is necessary for proper 
development of nervous tissue and clearly is a dietary essential m some 
species (e g , cat) Bovine milk contains only 1-7 mg kg * of taurine, human 
milk 40-50 mg kg" ' There is evidence that formulas based on bovine milk 
may not supply sufficient taurine for human (especially preterm) infants 


19.7. MILK PRODUCTS 

The manufacture of milk products influences nutritive value by separation, 
dilution, or concentration of the components of milk, by t e a i 
nonmilk ingredients, and by some effects of processing treatments The 
effects of fract.onat.ng processes can be .nferred from the structure and 
eompos.t.on of m.lk, as exempl.fied m Table 1 3 (Further deta.Is on hp.ds 
are .n Tables 5 1, 5 2, and 5 5, and on ammo acids in the apend.x, Table 
A 6) Table A 15 in the appendix presents a compilation on the composition 
of many milk products, including important nutrients , j 

proximate and may in some cases give little more t im ° formulation 

because of natural variation in milk composition di or mar- 

(e g , according to legal requirements, local customs P 

ketmg considerations), and d-ff^rences m proc^^ 

The main processing operation that 

treatment, which is discussed in Chapter 10 To be su , change in 

I*; 10 . o, 0.00 

ntive value The proteins ca , , quality), and casein loses its 
denatured (which has no effect be advantageous, 

propensity to clot in the stomach <"'"'‘=*1. (F,„ure 10 4 and 
« least to infants ) There is -- loss « ava ab Vs;-_(F.gure .0 4^^^^ 

Table 19 5) from Maillard .'"comparatively nch in lysine, 

on the nutritional quality because milk p P j 

the same holds for Maillard ^ooef ons during lo g ^ 

If Very intensive heating causes ome 

value presumably because of cross hn of ,he reaction 

3 Though It has been consi ..ox.city has ever been ascertained, 

products may be toxic to hoto^ns, "o h t ^ maLfacture of milk products 

“‘least for heat treatmentsasoccurd gt discussed in the 

Some vitamins can be dostroye P ^ ^le 19 5 Experimental data 
Ptecedmg section Results are .s partly Xho result of the 

0 such losses are ""do'y ^ont, especially O, content as many of 

itions during heating bei B ,be presence of catalysts, like 

'he reactions involved -e °x.da..ons^ Also^ 

sim 1 °'^ '’ttU'ri'o C oxidation, . p ascorbic acid plays a key role Vitamin 
milar variations The otJ'd“''°" dchydroascorbic acid form Folic acid is 
“seir IS more heat labile in the oenyu 
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Table 1 9.5. Appro)dmate Loss {%) of Some Nutrients In Milk by Heat 
Treatments 



Pasteuri- 

zation'' 

Boiling 

UHT 

Heating 

Sterili- 

zation*’ 

Available lysine 

<1 

-5 

< 1 

2-10 

Vitamin B, 

-5 

5-10 

5-10 


Vitamin Be 

-0 

<5 

<10 


Folic acid 

<5 




Vitamin B 12 

B-IO 

5-20 

5-20 


Vitamin C 

5-25 

5-50 

5-30 

>50 


“For instance, IS s at 74'’C. 
‘Sterilization in bottles or cans. 


protected by vitamin C. Oxidation products of vitamin C (perhaps diketo- 
gulonic acid) seem to attack vitamin B,j. Keeping the Oj level low, partic- 
ularly during heating but also during long storage (0; may. for instance, 
penetrate UHT milk in cartons), minimizes loss of vitamins C, B,, B,., 
and folic acid. Protecting milk from exposure to light prevents loss of vitamin 


® lime without much loss of 
water content Th ^ ^ Particulars about reaction rates in relation to 
of miSn vitamins A and E because 

LowtiTroductfir^f ^PPPiSc dietetic purposes. 
whMactS to Lke utu ^‘"’P ' 'f -"P''- Another one is milk tinted 
Section 19.2.) In the nreneea-^ suited for people intolerant of lactose. (See 
tween human and cow’s milk"arrcTv'er "’ri"'" p*p™P'p® differences be- 
the development of humanhPft observations have led to 

known and^imple way” ” -nfan, formula, for babies. A long- 

similar to human milk U bv dil„t S* “"iPOS'lion of cow’s milk more 
the milk (which was done anyway forhl' 

ting characteristics but reduces vilamiI*r"''^,P“^°*P®’ improves the clot- 
obtained by making mixtures of (row's)^m^ P®" 

protein concentrates (discussed in sweet whey, whey 

takes care of gross composition includin™ '“P'”*®’ water. This 

quality (ratio of casein to wteC rnllt? ‘='>'"POsition, and protein 

characteristics, buffer capacity Ld ^ . '‘p’'* PO«cm); clotting 

"."IP ’i"™" Funhe™;rr„n^"ll“'“’P.'PP‘‘ are similar to 

a vegetable oil (like com oil) to provide milk fat may be replaced by 

. and the product may be fortified acids and vitamin 

- ';oXniCi„’'S “P 


1 9.7. Milk Products 


375 


Fermented Milks. Fermented milks of numerous types and names exist 
Most result from the action of lactic acid bacteria on milk (e g , sour rmlk, 
taette, cultured yogurt) or concentrated milk (e g , yogurt and dahi), but- 
termilk derives from the churning of cultured cream Some fermented milks 
contain other microorganisms kefir and kumiss (the latter made of mare s 
milk) contain yeasts producing alcohol, and viili comains some molds Fer- 
mented milks often are claimed to be particularly healthful In some con 
ditions, fermented milks may be preferable because they do not readily 
propagate infectious diseases, the low pH prevents growth or causes ki ling 
of pathogenic microogranisms It often has been suggested that bacteria 
fermenting the milk may be implanted in the large 'ntestme after '"gesting 
the fermented milk A milk product (acidophilus milk) has even been de- 
signed that contains lactic acid bacteria usually present in he gu But there 
IS no clear evidence that the consumption of such fermented milks has any 
specific effects The low pH of fermented milks may be advantapous, par- 
ticularly to infants, as it diminishes the buffer action in the stomach, probably 
absorption of Ca is somewhat enhanced Fermented milks have a lowered 
lactose content and this is advantageous to lactose intolerant consumers 

Fermentation may affect the content ® b„‘™e"ehang™s 

mav increase (e c niacin), others decrease (e g , vitamin B,:), but the changes 
TeVatherTanabi; and not very well studied Changes in energy content or 
essential ammo acids because of fermentation are neg igible 

There is some concern about the stereo isomer of lactic acid present in 
fermented milks Mammals all have L( + ) lactate as “ ^ 

be removed efficiently from the body, particularly by conversion into glucose 
(CoTcycirrX-) lactic acid is not metabolized so readily, and it may 

accumuLe in the blood, in bYlels 

Health Organization recommends the daily intake of D(-) lactme to be less 
than 100 mg per kilogram of body weight In several fermented ^dks (e g 
yogurts acXphilus milk) part of the lactic acid is in the D(-) form, but 
eZsswe qliamit.es must be consumed to reach the critical intake For young 
infants, however, the daily intake may become too high if certain fermented 
milks are fed exclusively 
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Analysis of Composition 


In th.s book we do not treat methods used to mvest.gate the propert.es of 
milk or Its constituents That ,s a vast subject, warrantmg separate trea ment 
Analytical methods have become highly sophisticated, and an analyst often 
specializes in a certain analytical technique rather than m the analysis of a 
certain matenal But in any event, he or she must 

analyzed This book is meant to provide such knowledge and the present 
chapter gives additional information for those interested in testing milk 
Moreover some features of the classical methods for estimating composition 
are given.’mainly to show what is really determined and what the limitations 


20.1. GENERAL ASPECTS 

Reliable and valid analysis may pose many problems First is whether the 
vamble determined is relevant to the question asked For instance, is a 
leukocyte count of the milk a good cnterion for the incidence of inastitis'' 
PoLtml butter yield of a lot of milk can be predicted accurately from its 
fat content, but cheese yield not so well from N content casein con ent 
would be better) General rules about the relevance of a method cannot be 
civen each case must be decided on its own merits Some general consid- 
erations of other aspects are given below, they concern sampling, accuracy, 
and recalculation 

20.1.1. Sampling 

A renrcscntative sample is prerequisite to obtain reliable results For liquid 
milk products this usually is not difticull. as they can be made homogeneous 
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easily. A problem may be creaming, especially if enhanced by cold agglu- 
tination of the fat globules. The flocculated globules usually arc redispersed 
by warming the milk to 40-45®C and then mixing thoroughly and cooling to 
room temperature. This procedure always is applied to cold stored samples, 
and it serves an additional purpose. !f milk is kept at temperatures below 
35°C part of the fat may crystallize, depending on temperature and duration. 
Solid fat has a higher density than liquid, and this increases the density of 
the milk by up to 0.15%, and more in cream. Warming up causes the fat to 
melt, and after cooling to room temperature it lakes considerable time before 
fat crystallization becomes appreciable. 


Obtaining a representative and homogeneous sample is less easy if the 
milk contains churned fat (buttergranulcsorfai lenses), clustered fat globules 
(causing rapid creaming), or sedimenting particles (e.g., lactose crystals in 
sweetened condensed milk). Products like butler, cheese, and milk powder 
are more difficult to sample, and specialized methods have to be used. 

A sample may change during storage. It may undergo physical (e.g., 
creaming or coalescence of fat globules), chemical (e.g., oxidative or pho- 
tochemical reacljons), enzymatic (e.g.. lipolysis and proteolysis), and ntt- 
^ ‘«'"‘>«'rioration is often most prominent. 

en^vSirchr,!.'' fcfrigcralion to slow down microbial and 

Muiirril anSn • ““'f •'“S clTccts. for instancc. on salt 

of snbstanccs from irreversible, such as loss 

.0 prevent Ssh Setta 'gr:hToftcn'’dr"“'r' 

addition (often including^a sorvent“ofa'so'ird"''’°''''?-?J“'‘'‘’ *''' ""T 

churned partly if air is beaten in during tm^por"'’ 


20.1.2. Accuracy 

defined precisely. We nst^ly '“''=r. <=ven if it has been 
the outcome of which is accepted arbin^rii reference method, 

apply a method to a number Xe,em'^,'^“ '!■' 'r^' result. When we 
deviate from those of the reference melh "S''*'.'" "‘'1 

different types (see also Figure 20,1)- ‘leviations may be of 

!• Systematic deviations (usually mtUri « 

in fact it is the inverse of acraraev) maan, though 

forall samples withaparticularvalii. r.!-^'^'^'^®' 

should be estimated over Sie"h r‘’^^'‘''r"sfromx. The deviation 

done by standard regressTon^l'r?"®' "ri* “anally is 

Sion). The deviation may be consunt '“rvilincar regres- 

nslant (blank), proportional to at (wrong 
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Figure 20.1. Hypothetical example of the results 
of determinations (say, of percentage fat in milk) 
on a number of samples by two different methods 
(results H and x). 


slooe) both or more complicated. Systematic deviations can be eltm- 

S’(if known): they have a sign and can be added to one another. 
2 Stochastic deviations (usually called precision). After systematic de- 
vinHnn has been allowed for, random differences between « and .r 
Tmain ffLause of Teir stochastic nature (they often have a stan- 
remain, ^c . . ^ characterized and expressed as a 

tta“wat!o^^ of standard deviations (called vari- 

\ flHHed to one another; hence the elimination of a com- 

pa^aldy'^small source of stochasUc^tion does not materially 
alter the standard deviation (e.g., V4 I i 

Part of the cause of stochastic deviation is always the reproducibility (i.e 
t-art 01 me cause nhtnined bv repeating the same method on 

the deviations between results obtai ,jn,,rce of uncertainty 

the same sample). But '^is 
Milk -.variable mcomp^sttton^ 
lyzmg It), and the varmbthty 'tsen 

the analysts, he milk affect the mass of sample flowing 

outcome. Density and v.scos ty o i,ion, and this may affect 

out of a pipette. Some ^ its average molecular weight, 

the result; for instance fat om^po~^ by a 

and this causes vanat ^er of moles Other constituents may affect 

method rhatmeasures^the number of 

the outcome, a goo ^u^nrntion wavelength is usually not completely 
metry, where a certain “^ ^hon wavelength result of a method for 

specific for ,5 affected (somewhat) by component y, the 

determining ncertainty in the determined M is smaller if 

outcome IS flW + • u r.,, :« is.i ;«: !#»«:«: The uncertainty 

the selectivity alb is higher and if the vanability in M less The uncertainty 

also is affected by the correlation between W and If this correlation 
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high (either positive of negative), a simple correction in the proportionality 
constant a improves the accuracy. An example Is a method for fat content 
somewhat affected by protein content, as these values arc usually correlated. 
Often, w'e know within certain limits what the as'cragc t)’] for instance, 
because it varies with season; consequently, a correction for a blank ( = 
-b\y]) may be added. 


The variability in composition and properties, and often the accuracy of 
an analytical method, depends on the sample population. Milk samples from 
individual cows usually show a wider range of variation than samples of 
mixed milk, and this holds for the quantity to be measured as well as for 
the disturbing factors. We usually arc most interested in the ratio between 


the inaccuracy of a method and the range of the variable being estimated: 
if both are expressed as standard deviations, the ratio is (I - where r 
is the correlation coefficient between the estimate and the true value. 

Variability in composition may be particularly cumbersome if an analytical 
method is used to detect adulteration. For instance, addition of water to 
milk can be detected by the increase in freezing point caused by the added 
water. But the natural range tn freezing point corresponds to a change caused 

from Ihc sensitivity of 

fat in ^ ‘l''«tion of nonmilk 

in the fa^nr^'^h H Proportion of butyric acid residues 

onowt,«:L“'^”it‘'" 


20.1.3. Recalculation 

ro«lu°at‘etL1on?emine^'’r“‘T "<= "“y desire 

derived from it. The distribution of the ofthc milk or in products 

many it is given in Table I 3) and ih. “mong the fractions (for 

applied in Lking the pro<Juc.s mus^ beT"" “l" 
elusion of substances have to be taken inw”""' adsorption or ex- 

is recalculation ofthc concentrations ora' important example 

no dissolution or preeipiS™™"”^ f (assuming that 

It proceeds from the cone Table 20.1. 

kilograms, or any other unit) per kiloeram ^,’(‘!s°'''ad substance (in moles, 

to recalculate the conlcm of fm to ihT^ ®f milk. The factor 1 ,0 1 is needed 

(in fact variable 1,06 

casein micelles. The factor h cives “sein to dry matter in 

per ^ams of protein) that is not available ""“'ar (in grams of water 

"■eight of the solute. Rough estr™t« '' ''“'(es with molecular 

smalt molecules, e.g.. CO,, urea A o 2 
lactose 

A => 0.55 
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Table 20.1. Recalculation of the Concentration of a Milk Component 
to That in Plasma and Serum and Relative to Water 


Product 

Concentration per kg 

Concentration per m’ 

Milk 

X 

-^Pm 

Plasma 

xK\-\m 

xpp/(i - 1 Oiy) 

Serum 

r/(l-l 01/-1 08c-/ic) 

xp./(l-l 0I/-1 08c-/ic) 

Relative to water 

xlO-t-hp) 

xpJi\ — t~-hp) 


Note p = density (kg m ’) with subscnpts m p, s and w denoting milk, plasma serum, 
and water, respectively / = fat, t - total dry matter, p = protein, and c = casein content, 
all as mass fraction (kg kg ') 


The factor for serum proteins with respect to casein has never been deter- 
mined, we assume it to be about I 5 For example, if the content of serum 
proteins is 6 g kg'' of milk, then it is for a milk sample of average com- 
position about 6 9 kg m'^ serum, if the lactose content is 46 g kg-' of milk, 
It IS about 53 9 g kg"' of water 

20.2. SOLIDS AND SOLIDS-NOT-FAT 

The total solids or dry matter content of milk and milk products may be 
important because product specifications include minimal standards and be- 
cause the yield of dried products depends on it The same may hold for the 
solids-not-fat or nonfat dry matter content Otherwise, the development of 
rapid and easy methods for determination of protein and lactose contents 
has reduced the significance of total solids as a criterion for milk composition 

The classical determination of total solids depends on evaporation by 
oven drying to constant weight This poses some problems 

1. Dried milk is very hygroscopic, and the final fraction of water is 
difficult to remove Best results are obtained by applying a fairly high 
temperature (e g , 102°C), using predried air Water of crystallization 
of lactose is particularly persistent, consequently, the water should 
evaporate at such a temperature (> 94'’C) that the anhydrous /3 lactose 
crystallizes rather than a-lactose hydrate (See Section 3 2 ) This can 
be achieved by evaporating most of the water on a boiling water bath, 
before oven drying 

2. Milk contains volatile components other than water, such as CO., 
short-chain fatty acids, and NH, These also are removed by drying 

3. Chemical reactions may occur, for instance, Maillard reactions caus- 
ing weight loss or lipid oxidation causing weight gam These efTecIs 
increase with temperature and drying time 
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It is not known precisely how well the oven-drying residue represents the 
nonwaler part of milk. It appears as if the total of fat, protein, lactose, and 
known other components (e.g., Table l.l) is slightly higher (c.g.. 0.05 per- 
centage units) than the residue after drying. Because the absolute variation 
in the content of other components is small, total solids content can be 
estimated from the sum of fat, protein, lactose, and a constant factor with 
fair accuracy (coefficient of variation less than 1% for individual cow samples). 

We may directly determine water content, for instance, by chemical means 
(titration according to Karl Fischer) or from infrared absorption. For liquid 
products such methods are usually not very accurate; for instance, a relative 
error of \% in the water content of milk causes a 7% error in total solids. 

Another way to arrive at the solids content (5) is by calculation from 
density (p) and fat content (F). The density of milk can be determined readily 
and with sufficient accuracy with a lactometer (i.c., a specially adapted and 
calibrated hydrometer), provided that the precautions mentioned In Section 
20.1,1 have been taken. The underlying idea is that the densities of milk fat 
(*- 917 kg-m’* at 20^0, soUds-not-fat (- 1622). and water (998) all arc 
approximately constant. These values lead to 


^ ^ p , - 998) 


(20.1) 


^pressed in percentage by weigtrt, where p» denotes density of the milk. 
^ '>’<= <'«ns''y of solids-not-fat is by no means 

mvanable, because of the vanation in composition. For every set of samples 

by mull, linear regression between S, F. and G (O = - inno) For in- 

stance. a set of individual cows' samples in the Netheriands ySed 


S = 1.17 F+ 0.25 G -r 0.95 


0.25 


(20.2) 


0.15%fo:!,?rVrk7amrtesr?„”:^^^ '-hich 

is of limited accuraev In nrinii ^ “''t“lt‘tit>n of solids content 

derived from milk by addine 9“" be used for liquids 

milk, cream, et^r^.e^dtfkh^aSS rstJ! r 
are not applicable to products of other com • " accuracy. But they 

milk, sweetened condensed milk) (c-B.. whey, ullrafiltered 


S-UNTENT 


No milk testing method has been sii.rfl,H 

nation of fat content. But, then at lean « “’ensively than deterr 
yearly worldwide, and the results oOen “ce perform 

quenccs. The fat content of milk is laken ""Pettant financial con; 
lipids (see Section 5.1), incIuS .commonly to include all of 

tncludmg polar tipids. This definition is not co 
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pletely unequivocal, for example, is free butync acid a Iipid’’ But the un- 
certainty IS mostly very small 

In the generally accepted operational definition, the fat content of fresh 
milk IS obtained by application of the gravimetnc method of Rose-Gottlieb 
This method is very reproducible (standard deviation < 0 01% fat) Its prin- 
ciple IS extraction with ether and light petroleum of a weighed quantity of 
milk to which ammonia and ethanol have been added to render the lipids 
extractable, and weighing the extracted material after solvent evaporation 
and drying A considerable fraction (about two-thirds) of the free fatty acids 
IS lost, because they are in the dissociated state at the prevailing high pH 
and as such much more soluble in water than in apolar solvents Also, some 
polar hpids are lost (about 10% of the phospholipids), presumably because 
they are present in lipoproteins On the other hand some nonlipid material 
(again, lipoprotein components) are extracted Increasing the ionic strength 
of the milk solution (e g , by adding 1% NaCI) or using more ethanol increases 
the lipoprotein yield In fresh milk, the Rose-Gottheb method gives a result 
that IS about 0 01% fat below the true content of hpids But m other products, 
for instance, those containing much free fatty acids, the recovery may be 

In other gravimetnc methods (such as the Weibull and the 
Schmidt-Bondzynski-Ratzlaff methods) the sample is boiled with HC to 
digest protein and fat globule membrane material, 

IS extracted with ethanol, ether, and light petroleum (SBR), or filtered and 
washed before extraction of the filler with ether (Weibull) Here the loss 
of free fattv acids is lower (about 10%, largely because of evaporation) and 
1. of phosph^ds higher (about a third, largely because of « 
Moreover, extractable nonlipid substances a™ formed by re- 

actions of suaars (vielding, e g , levulinic acid), hence the result may be too 
high, thoughfhis depends much on the composition of the product examined 
Numerous methods have been devised for practical large scale fat testing 
The ZsraccLte of these yield a relative standard deviation ^ difference 
from Rose Gottlieb of about 1% for individual cow samples Widely used 
are volumetnc methods that employ specially designed vessels with narrow 
graduateTstems A volume of milk is digested, usually with concentrated 
Sunc acid Tssolving all of the protein and fat globule mernbranes The 
fa IS then ciltc ed in the graduated stem by centrifuging Most used are 

the BaScLk and the Gerber methods The eoale^ e^nce of 

usually called a butyrometer, and some pentanol to facilitate coalescence ot 
thrdenuded fat globules This makes the method somewhat more rehab e 
and verratifet. also more elaborate The volumetrm me^ods are largdy 
empincal and have to be calibrated against a gravimetnc method Very finely 
divided fat IS not completely recovered bo>"°£™'^ 

depends rather closely on opmational co^^^^^^ 

quantities of reagents, temperature ana iini t 
time of centnfugation) 
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Several physical methods have been devised to allow rapid and automatic 
testing. Among these is turbidimetry of diluted milk, in which the scattering 
by casein micelles has been eliminated by dissolving them. It is clear from 
Section 1 1.2 that the turbidity depends not only on fat content but also on 
fat globule size and on the refractive index of the fat. The latter depends on 
fat composition (refractive index increases with avcnigc chain length and 
average number of double bonds of the fatty acid residues) and thus on cow 
(breed of), feeding regime, and stage of lactation. This may cause consid- 
erable uncertainty, particularly where feeding regimes arc highly variable. 
The effect of variation in fat globule size can be minimized by homogenizing 
the milk in a reproducible way and by careful selection of wavelength and 
optical arrangements in the photometer (large angle of acceptance). In this 
way, the turbidity can be made virtually independent of average globule 
diameter, but variation in the width of the globule size distribution still affects 
the outcome. Consequently, homogenizing conditions arc critical and any 
pretrealment of the milk leading to changes in globule size distribution may 
lower the accuracy. 


Fat content of milk (and protein and lactose contents as well) can be 
'’>■ “bsorpi.on photometry. 

end this con be 

rize to '’'’"’oS'niza'ion: the mtio of globule 

rZ ! IS then sufficiently small to make scattering negligible 

lactose, also absorb at 3 4 um Conseonl components, notably 

to be applied, which can easdv ^ n correction for lactose has 

a low f" co„,e„Ue.rsWm mdkl how^ ' ’"i.''™"'"'- 
large as to make the fat determination fn,"’ '^‘”^'='^•'0" is relatively so 

absorb. The concentration of ester bon!I 

with composition (even more than refrarr ^ considerably 

curacy strongIyd=pe„dsZaria“„;Sr Consequently, the ac- 

depends on lipolysis and on the (variahlM ^'o'^eover. the result 

® ^'^anable) content of nonlipid esters. 


i0,4. PROTEINS 

Digestion »ith^ulTuSd analysis for N. 

but leaves N as NH.^ AfS C to CO^and H to H,0, 

into standard acid and dclemiincd l^'i “’'S”’- is distilled 

nris "" has the advanto ihm v"' C^'mation of protein by 

Pnsing about a sixth of the mass oS ^ “n^'iluent, com- 

Ihe protern, and that the N contents of 
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individual milk proteins are nearly the same, as shown in the appendix. 
Table A 6 Multiplication by 6 38 has been used widely to convert N content 
to protein This is based on an old determination of 15 67% N in milk proteins, 
but, as Table A 6 shows, the principal milk proteins have slightly higher N 
contents than this, based on composition denved from sequence analysis 
The mean factor for these proteins, representing more than 95% of the total 
milk protein, weighted by their proportions (Table 6 3) is 6 32 

Protein contents often are reported as “crude protein,” calculated as 6 38 
X total N Such values are 4-8% higher than the true protein contents 
because they include N from nonprotcin nitrogenous constituents (See Sec 
tion 8 14) True protein can be calculated from difference between total and 
nonprotein N as explained later in this section 

The Kjeldahl method is somewhat cumbersome and time consuming, sim 
pier and faster methods have been sought for routine assays of large numbers 
of samples in order to price milk partly on protein content Some procedures 
determine NH, directly in the digest and thus avoid distillation and titration 
Colorimetric analyses of NH, with Nessler’s reagent, an alkaline mercuric 
iodide, to form a yellow complex, or with alkaline phenolic solutions and 

hypochlorite to form blue green mdophenol g|'' Vff 

results The mdophenol method seems well adapted for rapid automated 

analysts of numerous samples, a newer version uses salicylic acid instead 

The^Kofranyi method for determining milk protein measures ammonia 

that can be steam distilled from alkaline solution Essential y toroxlTelv 
amide N plus a little more Under the conditions specified approximately 
1 25 mol NH, is released per kilogiam of protem The w-EWed "lean amide 
content of the principal milk proteins listed m Table A 6 is about /"ol kg 
As compared with Kjeldahl this method suffers the disadvantage that it dea s 

with a component, 'amide N. which is a Nr.s''gr"m^r 

portion of protem than is total N The fact that the distillable NHj is greater 
Ln amS implies that some other partial cleavages occur m the process 

and that the conditions for the assay must be ^ ^ ^ , 

Colonmetric methods not involving digestion of the protein include biuret 
and f“s s The former is a reaction of the peptide bond with alkaline 
copper reagent It has the advantage that individual proteins yield nearly 
idemirquan, native response The Fohn method ■"voWeYedum.on o^^^ 

phosphotungstic acid reagent by— 

number andfocron of these groups m the P-'cin. consequently the method 

pors"nt~ rinCrernfa-rnfe 

The formo uftration Lasures protons released when formaldehyde reacts 
wiib prLns Essentiafiy 1. IS 
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trating. Complications caused by release and uptake of protons by various 
forms of calcium phosphate during the titration can be eliminated by pre- 
cipitating all of the Ca with added oxalate before titrating. The tilratablc 
protons released by the action of formaldehyde amount to about 0.57 mol-kg" ’ 
of crude protein (often quoted as the reciprocal called “formol factor,’* i.e., 
1 .75 kg of protein per mole of alkali consumed). Correction to a true protein 
basis by accounting for 5% nonprolein N makes the value 0.60 mo! H* per 
kilogram of protein. This is exactly the mean lysine content of the proteins 
listed in Table A.6, weighted by their concentrations. (See Table 6.3.) 

The binding of anionic dyes to cationic groups in proteins in acid solution 
has been used widely as a means of determining the protein content of milk. 
The two dyes most used arc Amido Black and Orange G. A milk sample is 
added to a solution of the dye at pH near 3.0, and the precipitated protein-dye 
complex is removed by centrifugation. The decrease in absorbance of the 
dye solution is proportional to protein content. Individual proteins differ 
somewhat in capacity to bind these dyes. Consequently, the result depends 
somewhat on vanations in proportions of the proteins. 

(Harland-Ashworth method) 
whet nZ-n cons'derably ,o the dry milk induslry. Casein and denatured 
toe raeWir,i'’Z'' f NuCI. the resulting 
ti«e oLone enm..! front its turbidity, Pro- 

heace the with the easein in saturated NaCI, 

noJinetadeTem The allL” '■? bV Ihis method does 

cumulative heat treatments th protein depends on the 

of this rthoTfor^t^^^^^^^^ ""h in processing. The accuracy 

variation in the whey protein tonTcntZih'"' l^*“;"®"'•'at diminished by 
4-6 g'kg-'). * onginal milk (on the order of 

bufrsSt:ttTran7ytlatd ^ 

veloped. A method based on m«. property has not been de- 

34()-350am,emi«edwheMhes™S^ 'iebt of A = 

nm. has been proposed and tested 

dilution and for avoidance of contam' necessity for high 

standard curve is so low tharstaU emr' 

protein concenir,,!" "’'“*“""6 nuorescence are 
Absorption of infrared radiation a, A 

suitable for determining milk protein in”. ^3" Ihe peptide bonds is 

which fat, protein, and lactose can bp Hpt have been developed in 

y reading at specific wavelengths in theZ'"°j ^'“^“^sively on a sample 
effect of fat on absorption at 6 46 um '^‘’roection for the small 

lhiir'?t'”' '“'rference by lactose at 6 an automatically by the 

absorb absorbing at this wavelZ.n. and milk contains 

The *"‘*'Vidual proteins differ '“"ized carboxylic acids 

The radophenol eolorimetrie Koflli at 6.46 rrm. 

Kofrany alkaline distillation, formoT titra- 
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tion, dye binding, and IR absorption methods have been found comparable 
to the Kjeldahl method in precision and accuracy Generally, they are stand- 
ardized by determination of the regression of the parameter measured on 
crude protein (total N x 6 38) as determined by Kjeldahl on a series of milk 
samples Results are then calculated as “total protein, which, as previously 
mentioned, is 4-8% higher than "true protein ” The dye binding and infrared 
absorption methods have gained the greatest acceptance for automated anal- 
ysis of large numbers of samples These methods do not or only partly 
determine nonprotcin N Proteolysis causes the results oHhe Kofranyi and 
formol titration methods to increase somewhat, those of the dye binding and 
IR methods to decrease, and those of the Kjeldahl and indophenol methods 

to remain unaltered , , , , , 

Some individual milk proteins can be determined by quantitative immu- 
nological reactions Such methods require specific antisera produced m ex- 
perimental animals against purified specimens of t e pro eins o e e e 
mined Several sensitive techniques for immunological assay ^vmlable 
including gel diffusion and radioimmunological assays These methods have 
been usfd successfully for 

and the several immunoglobulins (IgGI, lgG2, IgA, an g ^ ^ . 

been very successful for caseins, probably because of the difficulty of pre- 
paring antisera of sufficient specificity and 

assayed by methods based on their specific enzymatic activity, in a few =ases 
(e g xanthine oxidase) immunological assays are also available a lactal- 
buLn crbe determined by making it the limiting factor in an assay of 
lactose syntLtase (see Section 7 3 2), but such a test has not been developed 

Vario" procedures are used to separate milk P~ 

individual components that can and pr^ipitation of all 

tionations involve precipitation of casein p fw/vl To 

proteins with trichloroacetic acid at final f jf^^s je J” 

avoid the necessity for washing the precipitates 

mined in the filtrates, and concentrations of casein and whey protein 
calculated as follows 

TN = Total nitrogen . j .« *,« 

NCN = Noncasein N, N in filtrate from sample adjusted to pH 

4 6, dO'C, I 10 dilution . j , .ocr 

NPN = nonprotein N, N in filtrate from sample adjusted to 12% 
trichloroacetic acid, room temperature, I 5 dilution 
Casein = 6 38 (TN-NCN) 

Whey protein = 6 38 (NCN-NPN) 

Use of such a procedure essentiidly defines casein as the mixture of proteins 
use ot sucn a pi , . ,q ji,iu„on A intact caseins and the 

^a^lrSmt s”;ft-sein%^^^^^^ 3 4) do so precipitate thus, but the 

rrotros”peptone components, most of which are ^ casein fragments, do 
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not. They can be estimated in the filtrate at pH 4.6 of a sample that has been 
heated to denature the whey proteins. Heat-denatured whey proteins pre- 
cipitate with the casein at pH 4.6. leaving proteose-peptone and nonprotein 
N in solution. Some further fractionations of the pH 4.6 filtrate (from un- 
heated milk) with Na 2 S 04 at various concentrations have been suggested in 
an attempt to determine ^lactoglobulin and Immunoglobulins. 

Individual caseins can be assayed by determination of C-terminal end 
groups. Another method, developed in the past few years, is ion-exchange 
chromatography on columns of DEAE-ccllulose or hydroxyapatite. The cas- 
eins are separated and can be determined individually by Kjeldahl or biuret. 
Gel filtration has been used to separate a-Iaclalbumin, ^-lactoglobulin, and 
serum albumin for quantitative determination. They separate readily because 
of their large difference in molecular weight (14,000, 36,500. and 66,000, 
respectively). The data for caseins, a-lactalbumin. /Mactoglobulin, and serum 
albumin, reported in Table 6.3, were obtained by ion-exchange and gel fil- 
tration separations. 


Electrophoretic separations of milk proteins have been used for quanti- 
tation of individual components. Casein and whey proteins are first separated 
and then each is subjected to electrophoresis. Free boundary electrophoresis 
at pH near 8 resolves the whey protein mixture rather satisfactorily. Scans 
of refractive index change yield patterns of peaks whose areas arc propor- 
tional to the protein concentrations. Quantitative distributions of the whey 
proteins by this method are similar to those obtained by gel filtration. Free 

it Tof m'vaVuT K-caseins; hence 

sunnortsL, he/ Electrophoresis in gels or other 

SuK AHemnu h examining the proteins in a 

either by stainine and P^edures for quantitation, 

support and rjvlV h'"? 

KrobrntaedllK have 

all of the proteins Flpftrr»nK - support and a dye bound equally by 
in some cases yielded quaSt’afivedism^ui'’™''"",™ '"=‘■“'“5= acetate has 
gel filtration. Urea at concen/tions up to 7 Mr obtained by 

acetate electrophoresis to resolve '““"he “sed in gel or cellulose 

like this may prove to ouantitafP th^ Z ‘ K-casems. A method 

achieved to date, however satisfactorily; this has not been 


^JVRBOHYDRATES 

--ho" "^'he 

solution by hypoiodite, Cu piciate°*o* f oxidized in alkal 

u, picrate, or femeyanide. Potassium hypoiodi 
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KIO, formed by reaction of KI with chloramine-T (p-toluenesulfonchlor- 
amide), oxidizes the aldehyde stochiometrically to carboxyl at room tem- 
perature. The other oxidants require heating, and the extent of oxidation 
depends empirically on the time and temperature of heating. Some of the 
methods involve heating the milk sample directly with oxidant (e.g., Fehl- 
ing’s solution); others are applied to a deproteinized filtrate. Picnc acid is 
especially suitable because it serves as the protein 
alkalinization of the filtrate, as the oxidant. Reactions with ox'dative reagents 
are quantitated either colorimetrically (e.g.. absorbance at 490 nm of p.cra- 
mate formed from picrate) or titrimetrically e.g., titration with standard 
Na,S,03 to measure excess oxidant). Oxidative methods, of c^rse. will 
include reductants other than lactose, but in cow s milk ‘he amount of such 
materials (monosaccharides, ascorbate, thiols) is so low relative to lactose 

“ SeconrteJose may be determined by reaction with such phenolic com- 
poundras phenol, amhrone, or orcinol in ‘ho Presence of con^^^^^^ 
sulfuric acid A yellow chromagen is formed. Milk can be d'>a‘ed greatly fo 
“Ltion and the protein and fat need not be removed. The reaction is 
not sS a wide variety of sugars and their derivatives react Oligosac 
chlrirerandprmein-bound^arbohydmtes react 

to free sugars by the sulfuric acid. In cow s milk other reactants are negligible 
"'S way of determining S 

on the filtrate obtai^^^^^^ 

be made for the F , volume of precipitate is much greater 

on the exact value. Co^eo‘mn [or the vom^^^^ ^^P 

for the polanmetnc method than t g5 ^ay be diluted 

cause the dilution is smaller. Thus tor poiarimeiry b r 

to 100 ml, but for the 

The specific rotation solution of 1 ml containing I g 

of path length of a hyp „„gfai factors First, it depends on the ratio 

anhydrous lacdose) depends on s^^ equilibrium (Section 3.2.1) 

of a- to /Mactose. To en . , ^ ^ at pH 9 for 15 min. Because 

has been attained the on temperature; [a]W decreases by 

of changes in mutarotation, [“j “ P Concentration has a small effect 

0.04 for eveiy K ‘ncrense m [emperamr^ 

on the specific rotatio , P .j.^ rotation for lactose in the depro- 

gestions have been made »ha‘ ‘Pe P as the value for lactose 

teinized ™ ^ traces of other compounds with rotary power. 

in water, but milk also contains tra ^ m p 

Finally la] strong y depends on ™velength^^^^^^^ ^ +,05.8 for A = 

436;'ancr+ 156"o"ror A = 365 ni Consequently, specific rotation now usually 
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is measured at short wavelengths instead of the original 589 nm, because 
the larger value of [a] permits greater precision. 

A fourth general way of analyzing milk for lactose content is by mea- 
surement of absorption of infrared radiation at 9.6 /xm. This absorption is 
caused by the multiple hydroxyl groups in the molecule. Neither protein nor 
fat absorbs sufficiently at 9.6 /im to influence the determination of lactose 
significantly. 

Most carbohydrates, also sugars other than lactose, may be quantitated 
in milk by gas-liquid chromatography (GLC). GLC analyses are made con- 
veniently on trimethyl silyl derivatives because they arc volatile enough to 
be separated readily on the column. An internal standard, consisting of a 
compound not present in milk, such as ribitol, can be added to the sample 
in known concentration. Ratios of the area of peak produced by the standard 
with those of peaks representing milk components facilitate calculation of 
the concentrations of the latter. Trimethyl silyl derivatives of sugar anomers 
are separated by GLC. Thus, a pattern for cow’s milk will have peaks for 
a- and /J-D-lactose, a- and ^D-glucopyranose, o- and /3-D-galactopyranose, 
D-galaclofuranose, and myo-inositol. 


Lactose and some other carbohydrates, notably lactulose and epilactosc 
ffi^ed upon heating of milk, can be quantitated by High Performance Liquid 
Chromatography (HPLC) using an internal standard. By the use of a suitable 
column (of the anion exchanger type) they can be determined without de- 
nvatization; a- and p-anomers can be separated. A clear filtrate is needed, 
.a’’ Adding 50% acetonitrile to milk 

Fotv™,? '•’= filtrate can be used directly for HPLC. 

assays for glucose and galactose in milk are possible with 
frarSneen^'l f '^k^'actose oxidases obtained from 

Srenonedr^^^^^ r ‘’a" and 0.2 mJV/ galactose have 

crncentrafions three "'=">»<'*• For some reason not yet understood. 

ch“raphic rachnio'fs' 

same samples have been reported uTosecTnbe '™. 

by first hydrolyzing it with P-galaraostee a 

reactions on glucose leads m psidase, a senes of ensuing enzymic 
photometrically determined A blan^n 'h' T FtADPH, which is 
yields free glucose. This method and HPLC are\mh^®“'“‘'‘'’''‘’“'' 
and lend to replace the older and accurate 

lactose. for quantitative determination of 

lactose in milk (including bmhrae"rM^,H’’ "telhods for determining 

of the Association of oSl A„ar,l fj!r“‘‘''’=P°'=>riraetric methods 

calculationsthat yield thSuIoa ? 'Fo U-S.A.) specify 

»W,’342) higher than the acmal tooL 

L always specified clearly whether f "V in the literature 

the anhydrous or hydrated basis'! " ^ contents are reported on 
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20.6. SALT CONSTITUENTS 

Because ash is determined simply and conveniently, it often is reported m 
gross analyses as a constituent of milk. It is, of course the residue left after 
incineration. It differs in composition from milk salts because the following 
changes occur during incineration: 

1. Organic salts, such as citrate, are destroyed. 

2. Sulfur of the proteins is oxidized and appears as sulfate in the ash. 

3. Ester-bound phosphate of the caseins and phospholipids is converted 

4. co. »» 

compounds greatly change the carbonate content. 

5. Some loss of -^ium and^pot™ 

“ct bfachi'ved by increasing the temperature in steps (pro- 
grammed ashing). 

6. Some formation of metallic oxides occurs. 

- • j oc a nrHiminarv treatment before determining in- 

Ashing often is used a or phosphate. It usually is judged 

dividual salt consWuen's ^ soe^cks of carbon cL be seen. Wet digestion 
to be complete when no black perchloric acids 

with sulfuric =‘=‘‘1 P material before analysis for minerals, 

sometimes are used to destroy o g constituents than does dry ashing. 

Such procedures run less risk of 1 dispensed with and 

ifno precipitation occurs. In so P unfractionated, but usually diluted, 

minerals are lotometer. Defatted and deproteinized ex- 

samples directly into a A®"’® P ...-rmine organic salts such as citrate; 
tracts, usually acid, , of mineral constituents as well, 

sometimes they are used J ,he dissolved and colloidal particles 

Partition of salt constituents between m ultrafiltration. In the 

can be aehieved by be limited to^about I atm to avoid changing 

latter technique pressures mus pushing water through the filter 

the eomposition of the dissolved Phf^ effect). Concentra- 

faster than the dissolved 

tions of elements in milk are o P ,beir oxides), 

per kilogram of milk (not, as . ^j^erals (especiatly metal elements) 
General methods for '1“^''' ‘ ,i bt of specific wavelengths. The 

make use of absorption ,0 raise electrons to a higher- 

former is a measure of the absorp ,be energy released when the 

energy excited state, and 'hcln‘'™4“:“e of energy- Emission instru- 

excited eleetrons revert to '•'C"' aetivate the sample. The atomic 

ments employ either electric ar riicularly suitable for analyzing for 

absorption and emission methods arc panicu 
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Na and K; for neither of these elements are suitable volumetric or gravimetric 
methods of sufficient sensitivity available. Also, the emission and absorption 
methods are by far the best for trace metal analysis because of their great 
sensitivity (O.l-IO.O ng with the so-called flameless methods) and because 
several metals can be determined successively on a sample by shifting the 
wavelength. Different metals may, however, require different methods of 
ashing and preparation. Ca and Mg also can be determined by flame pho- 
tometry or atomic absorption but often have been analyzed by specific methods. 

Ca was determined classically by precipitation as the oxalate which was 
then titrated in H 2 SO 4 solution with KMn 04 . This method is somewhat 
tedious and has been replaced by two simpler ones. One is titration with the 
chelating agent ethylenediamine tetraacetate (EDTA), using as indicator a 
dye (murexide) that changes color when it binds Ca. The other is a colori- 


metric method using glyoxal bis(2-hydroxyanil), which forms a complex with 
Ca having an absorption maximum at 524 nm. The colorimetric method is 
considerably more sensitive than the EDTA titration. About 0.3 ns of Ca 
in 1 ml volume and 1 cm light path gives an Ajjj = 0.1. The EDTA solution 
generally is standardized to 1 mg Ca per milliliter; a liter of 0.1 ml would 
be equivalent to 100 /ig. Phosphate interferes with both of these methods. 
It can be removed by passing the solution to be analyzed through an anion 
exchanger in the acetate form. Other ways of avoiding interference by phos- 
metastanVr'’'?'’''"'' ='”"8 with protein with poLsium 
fnmoriv w/ '''^''"8 with EDTA. 
ohosnhate and'^d.t^ ' anmined by precipitation as magnesium ammonium 
h^us^v irdtre^™H h® “"tent of the latter. At present 

diSnce Ltwel^ wo , f It can be obtained as the 

Mg Zther wav h 'tf' <i='ects both Ca and 

the oxalate. ' supernatant left after precipitating Ca as 


rcacUnrwTh mi^ytdmcTo^o™! 

based on isolating and weiehine ”*P^‘’"’°’''hdate. Gravimetric methoi 
colorimetric ones of Ja;?e„si«l;L'’ h7H™“'^“*’= ''“''p "'ay 
molybdate to a blue-colored compound Tn o? 'h' Phosph 

and 1 cm light path gives 0 I A«.» method I ^g of P in 1 x 

compound and is, of course virtnniiv serious interferii 

Partidon of Phosphorus amo^g rh"^ 

can be determined by making the following an“y“s° “"'P°“"'‘* 

III. Dissoled nhoTnh " ''“=-G°'«icb extract. 

IV. Inorganic dissolved phmnho “'"Ph"cate. 

Phosphorus an undigested sample of ultiafihm., 



20.6. Salt Constituents 


393 


V Acid-solubic phosphorus in a filtrate made with 12 5% trichloroacetic 
acid 

Then 


Lipid P 
Casein P 
Inorganic dissolved P 
Inorganic colloidal P 
Water-soluble ester P 


II 

I - (II + V) 

IV 

V - IV 

III - IV 


Chloride usually is determined by reaction with Ag to form an insoluble 
precipitate Direct titration of milk with silver nitrate P“ “s.um chro 
mate indicator yields results that are erroneously ™"^^^bes?Dro- 

ing of milk runs the risk of loss of chlonde y vo a i ... gUver 

cedure seems to be to add directly to milk an excess 
nitrate, and titrate the excess with standardized 

Feme ammonium sulfate is used as indicator, the Fe’ ion forming a red 
salt with thiocyanate KMnO.and brominated and deearboxylated 

mduding that of Ihe Assoc. auon of pen.abromacetone Such 

are based upon forming, ‘sohdmg. | control 

methods are cumbersome . nentabromacetone is somewhat more 

ofthe procedures IS necessary becau P determined gravi 

soluble and volatile ‘hnn desired fo ^^^^P from a 

metrically Another method invol P P ^ gyrate with 

sulfuric acid alcohol filtrate of m^ ^rfsoml advantages over the pen 
ammonium perchlorate cerate T sensitive and con- 

tabromacetone ocedure in which the absorbance of a conden- 

venient as a colorimetric proceaure anhydride is measured The 

sation product of citrate with PJ"" "j^nWoroa^tic acid filtrate of the 
reaction is conducted ^e determi^^^ Enzymic 

milk As little as 5 MS o involves the use of citrate lyase, malate 

assay of citrate is possible also, it involves 

dehydrogenase, and lactate dehydrogenase 


5ug;ges^erf ZJfeM^ure 


Standard methods of analysis for gross composition and some other com- 
pounds are swen in Association of Official Analytical Chem 

Offaal «nct Tcntam e Mclhods of Analysts 13111 

ists 1980 
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and in the Analytical IDF Standards published by the International 
Dairy Federation, Brussels. 

Gravimetric methods for fat determination are discussed by 
P. WalstraandH. MuWsr.A^rA. Milk Dairy J. 16(19621; 165 2 nd 172; 17(1963): 334 and 347; 
and 18 (19M); 237. 

Infrared methods for fat, protein, and lactose are described by 

J. D. S. Goulden. J. Dairy Res. 31 (1964): 273- 

Several methods for determining protein are reviewed by 

C. J. Booy, C. J. Klijfj, and G. Posthumus, Dairy Set. Absir. 24 (1%2): 223 and 275. 

Chromatographic methods for determining individual milk proteins are given 

by 

D. T. Dasies. J. Dairy Res. 41 (1974); 217. 

D. T. Davies and A. J. R. Law, J. Dairy Res. 44 (1977); 213. 

W. J. Dondly. J. Dairy Res. 44 (1977); 621. 

Chemical methods for Ca and Mg are compared by 

D. T. Davies and J. C. D. White, J. Dairy Res. 29 (1962); 285. 

For citrate by 

J.C. D. V^Tiheand D. T. Davies./. Dui/y Rej. 30(1963). 171. 

And for lactose by 

F. H.Onmbleby./, Dairy Res. 23 (1956); 229. 

Enzymic assays are described in 

MeihoiJs of Enzymatic Food Analysis, (Mannheim. Bochnnger. 1980) 
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Iron Fc 100-2.400 200 1,1X10 7,000-15,000 10,000-18.000 
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Table A.2. Thosphate Esters in Milk 


Compound 

mg'kg 

Glycerol phosphate 

10.0 

Phosphopyruvate 

0.1 

Phosphoethanolamine 

83.0 

Phosphoglycerolethanolaminc 

46.0 

Phosphoserine 

0.7 

Pentose phosphates 

+ 

Glucose-l-phosphate 

1.0* 

Glucose-6*phosphale 

12.0 

N-acetyl glucosamine-l-phosphate 

89.0 

Galactosc-l'phosphate 

45.0 

Fructose-6-phosphate 

4.0* 

Fructose-l, 6-diphosphate 

15.0 

Lactose-l-phosphate 

O.I 

Lactose-3'-phosphate" 

Lactose-6'-phosphate‘ 

} 15.0 


Note: See also Tabl« A.I2 
*3' and 6' refer to positions on galactose moiety. 

‘Another author reported 291 mg Glc-l*P kg-* and 655 mg Fnj-6-P kg' 


Type 


Table A.3. Minor Fatty Add Residu es In Milk Fat 

Known a j Amount (mole «) 


Acetic acid 

Saturated, x even, x > 18 
Saturated, x odd 
Saturated, 
monobranched 


2 

5 20-28 21.9 

*2 5-27 16.2 

22 9-26 16.4 


0.5 

0.4 

1.8 

1.6 


Saturated, multibranched 

16 

16-28 

22.6 

Cyclopropenoic 

> 1 

T 


Monocnoic, x < 19, cis“ 
Monoenoic, x < 19 , 

Irons 

36 

25 

10-18 

12-18 

15.8 

17.7 


0.7 

0.001 

3.8 

3.0 


Monocnoic, x > 18 
Dicnoic, cis cis 
Dicnoic, irons frans 
Dienoic, cis irons 


*9-26 20.4 

>4-26 18.0 

18 


0.3 

1.9 

O.I? 

0.3 
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Type 


Number Known x x Amount (mole %) 


Tnenoic 

Tetraenoic 

Penta and hexa enoic 
Ketoacids 
Hydroxyacids 
Fatty alcohols 
Fatty aldehydes 

Note As far as known (i e 
of C atoms 


7 

18-24 

18 6 

1 0 

3 

18-22 

19 7 

0 2" 

4 

20-22 

21 2 

0 1 

47 

10-24 

-18 0 

0 3" 

26 

6-16 

-15 0 

0 3'' 

~ 10 

14-20 

7 

0 01 

~ 10 

9-18 

7 

0 02 


mostly a 0 01 mole %) Approximate results x = number 


"Excluding oleic acid (cu Cis iA9) 
'’Of which arachidonic acid (all as 
02% 3 ketoacids 
‘'0 02% 4 and 5 hydroxy acids 


Cio<45 8 II 14)0 12 moIc% 


Table A.4. Various Neutral UpMs I" 


Component 

mg kg"' 
Ltpid 


400 

Neutral plasmalogens 

200 

Neutral glyceryl ethers 

<05 

■ylactones (x = 10-12) 

10 

S-lactones (x = 8, 10-12, 14, 16) 

0-0 5 

P-methyl ketones (x = 5-11. 13) 

3000 

Cholesterol 

20 

Campesterol 

5 

Stigmasterol 

10 

P-sitosterol 

*7 

Ergostcrol 

I 

avcnastcrol 

-t- 

7 dehydrocholcsterol 

tr 

22 dehydrocholcsterol 

ir 

Dcsmosierol 

+ 

24 methylene choleslrol 

tr 

Cathosterol 

3 

Fucostcrol 

70 

^nosicrol 

•f 

Sicroidil ketones** 

5 

Dihjdrohnostcrol 
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Table A.4. (Continued) 


Component 

mg-kg-' 

Lipid 

Aliphatic alcohols (free)'’ 

100. ? 

Aliphatic hydrocarbons' 

100. 

?AW 

0.001 

Phytenes 

+ 

Squalene 

60. 

Waxes 

tr 

Ubiquinone 

4. 

S-containing lipids (lipoic acid ?) 

•f 

Calciferol (vit. Dj) 

0.02 

Vitamin K (menaquinone 
derivatives) 

2. 

Carotenoids' 

8. (0,2-30.) 

Xanthophyll (lutein) 

4. 

Retinol 

8. (4.-20.) 

o-tocopherol 

30, 

y-, ^-tocopherol 


a*, y-tocotrienol 



Note: Approximate results from vanous sources 


and 4’-chole«c„.3-on=. 

anddlh^drophywt ^ " "amber or dopblt bond,) Includes phytol 

(~ 70) and phytane (- 8 mg kg") ^ ’ ° branched chains. Includes pnstane 

^olycychc aromatic hydrocarbons, c g . 3.4-benropyrene 
'Mostly P-carotenc. but also a-, y-. f<aroien^ 

^-ca^otene ’ ^ ®pene, cryptoxanthin, zeaxanthin. and neo- 
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Japonification Value . 

SV = mg KOH needed to saponify 1 g of fat. Average ntolecular wei^t of tnglyc 
erides equals I68,300/SV. SV “ 56,100/ (45 + 14 x)-. SV milk fat. 220-240. 

Iodine Values ... ^ - .. 

IV = g of I. reacted with 100 g of fat. y‘ = 6.63 IV/SV.IV milk fat: 26-42. 

Refractive Index - 

,n. mostly for light of 589 nm wavelength and 40»C. Ua increases with x and y, on 

average ~ 1.455, range mostly 1.452-1.458. 

Reichert-Meissl-Wollny Number 

RMW = ml 0.1 N alkali needed to 

from the steam distillate of 5 g saponified fat. 

New Klrsehner Number or soluble in a AgNO, solution, 

NK = ml 0, 1 N alkali needed to neu rahz ‘ milk fat : 18-30. 

and derived from the steam distillate of g P 

Polenske Number neutralize the water-insoluble fatty acids derived 

PN = ml 0.1 N alkali needed to neutrahze me 

from the steam distillate of 5 g saponified fat. PN milk 

Acid Value neutralize the free fatty acids in 1 g of fat. AV of fresh 

AV = mg KOH needed to neu j ran,o|/,oo g fat (= 1.78 times AV); 

milk fat : -0.3. Fat ncidity is ofie^exp ^ 

or as percentage (w/w) of oleic aeio^ — 

2 = average number of C P'J Jp', fauy am'd residue. 

^ = average number of double b P 
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ro-Cli>>Arc>iitHH*t-Fro-U*-Cln-AU-Ph«-L«o-L«u-Tyr-Cln-Cln- 
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Table A.8. Location of Amino Add Substitutions In Genetic Variants 
of Milk Proteins 


Protein 


^casein 


Variant Frequency” 


Substitutions at Positions 


o,i-casein A 

B 
C 
D 
E 


A' 

A= 

A> 

B 

C 

D 

E 


14-26 53 

R deleted 

Ala 

I 

R ThrP 

R 


59 

Gin 

Lys 


192 

GIu 

Gly 

Gly 


W, I 

R 

R 

R 

R 


18 

35 

36 

37 

67 

His 

106 

122 

SerP 

SerP 

GIu 

GIu 

Pro 

His 

Gin 

Ser 







Arg 


Ser 


Lys 





Lys 


Lys 


tt'lactalbumin 


A 

B 


136 148 

W, I Thr Asp 

X He Ala 


I 

W 


^lactoglobulin A 
B 
C 
D 

E (Dyak) 


X 

W, I 
R 
R 
R 


10 

Gin 

Arg 

45 

GIu 

Gin 


59 

64 

118 

158 


Asp 

Val 


Gin 

Gly 

Ala 

GIu 

His 



Gly 


“R s= rare; W = predominanl in 
frequency than the predominant 


Western cattle; 


I = predominant in Indian cattle; X = lower 


variant but not rare. 
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Table A.9. Various Nonprotein Nitrogenous Compounds In Milk 


Compound 

mg-t-E-' 

Amines 

l-prop>Iamine 

3.0-15.0 

l-hex>lamine 

5.0-24.0 

Elhanolaminc 

0.5-8 .5' 

Choline 

43.0-285.0* 

Putrcscinc \ 

Cadaverine J 

0.003-0.021 

Spermidine 

0.009-0.028 

Spermine 

0.000-0.017 

Amino Acids 

Glycine 

2A-15.0 

Alanine _ _ 

Valine 

1. 4-2.9 

Leucine 

0.6-1. 5 

Isoleucine 

0.3-0.9 

Serine 

0.2-4).9 

Phosphoscrine 

0,8-2.7 

Threonine 

0.7 

Aspartic acid 

0.8-I.4 

Asparagine 

0.7-2.9 

Glutamic acid 

1.3 

Glutamine 

4.0-32.0 

Lysine 

1.8 

Arginine 

2.8-8.I 

Cystine 

I.4-4.5 

Methionine 

0-5.8 

Phenylalanine 

0.3-0.7 

Tyrosine 

0. 1-0.3 

Histidine 

0. 1-0.5 

Proline 

0.7-5.5 

Hydroxyproline 

2.5-5.4 

Ornithine 

0-0.1 

Citrulline 

0.3-2.2 

o-aminobutyric acid 

0-13.0 

Amino Acid Dem-alives 

0.1 -0.4 

N-methyl glycine 

Hippuric acid 


Salicyluric acid 

31.0-64.0 


0.2 
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Compound 


Creatine 


Creatinine 

Histamine 

Phenylacetyl glutamine 
Kynurenine 
Indoxylsulfunc acid 
Taunne 

Ollier Compounds 
Carnitine 


Acetyl carnitine 
Morphine 

N-acetylneuraminic acid 
N-acetylglucosamine 
N*acetylglucosamine* 1 -phosphate 
NANA.(2-»3) Gal-(^l-^4)GIc 
NANA-(2-^6) Gal-(/31-^4)Glc 
NANA-(2->8) NANA-(2->3) Gal-(/31-»4)Glc 
NGNA (2-»3)-Gal-(/31-»4)GIc 
NANA-(2->3) Gal-(j31-»4)GlcNAc 


“See phosphate esters (Table A 2) . rr ku s n 

'■Includes about 25 mg kg ‘ m phospholipids (Table 5 1) 
^About 3 mg kg-' dialyzable, remainder m protein 


mg kg~* 

80 0 
32 0 

0 30-0 05 
>01 

02 
1 2 

1 0-7 0 

10 0-17 0 

2 0-12 0 

0 0002-0 0005 
120-270“- 
U 0 
16 0 
+ 

+ 

+ 

,+ 

+ 


EC No 

I 1 1 27 

II 1 37 

14 3 6 
164 3 
1 6 99 3 


Table A. 10. 

Name 


Eniymes In Bovine Milk 

Renclion Catalyzed 


Lactate dehydrogenase 

Malate dehydrogenase 

Xanthine oxidase 

Amine oxidase (copper - 
containing) 

Diydrohpoamidc reductase 

(NAD*) 

NADH dehydrogenase 

(cytochrome C reductase) 


L-lactatc + NAD* = pyruvate + 
NADH + H* 

L-malate + NAD* = ^ 

oxaloacctate + NADH + H* 
Xanthine + H.O ± O. = urate + 
supcroxide 

RCHjNH; + H,0 + O. = RCHO 
+ NH, + H:0. 

NADH + H* + hpoamide = 
NAD* + dchydrolipoamide 
NADH + H* + acceptor = 
NAD* + reduced acceptor 


Site" 

P 


F 


F 

F 
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Table A.IO. (Continued) 


EC No. Name 


Rcaciion Catalyzed Site* 


1.8. 

Sulfhydryl oxidase* 

4.11.1.6 

Catalase 

un.1.7 

Lactoperoxidasc 

1.15.1.1 

Superoxide dismuiasc 

2.3.2.2 

y-glulamyl transferase 

'-2;4.1.22 

Lactose synthase 

2.4.99.1 

CMP-N-acciyl-neuraminate- 
galaclosyl-glycoprotein 
sialyl transferase 

2.6.1. 1 

Aspartate amino transferase 

2.6.1.2 

Alanine amino transferase 

2.7.1.26 

Riboflavin kinase 

2.7.1.30 

Glycerol kinase 

2 . 1.12 

FMN adenyliransferase 

2.8.1. 1 

Thiosulfate sulfur 
transferase (rhodanesc) 

3.1. 1,1 

Carboxylesterase 

3.1.I.2 

Arylesterase 

3:I.1.3 

Triacylglyccrol lipase" 

3.1. 1.7 

Acetylcholine-esterase 

3.1. 1.8 

Cholinesterase 

>'1.1.3^ 

^ Lipoprotein lipase 

.3rl.3.1 

Alkaline phosphatase 

-^1.3.2 

Acid phosphatase 

3. 1.3.5 

5'-nucleoiidase 


2RSH + 0. RS SR + !l:0, 
HA + HiOj = 01 + 2 HjO 
Donor + H.Oj = oxidized donor 
+ 2 HjO 

O- + 0- + 2II* = O 2 + HA 
(4-L-glutamyl)-pcptidc + an amino 
acid = peptide + 4*L-gIutamyl- 
amino acid 

UDp.galaciosc + D-glucose = 
UDP + lactose 
CMP-N-acctylneuraminalc + 
D-gatactosyl glycoprotein = CMP 
+ N-acetylncuraminyl- 
D-galactosyl-glycoprotcin 
L*aspanate + 2'oxoglutaratc = 
oxalacctaie + L*g!uiamatc 
L>alanine + 2‘oxoglutarate » 
pyruvate + L-glutamate 
ATP + nboflavin = aDP + FMN 
ATP + glycerol » ADP + 

rn-glycerol-J.phosphate 

ATP + FMN = Fad + 
pyrophosphate 

SjO,' + CN - SO,‘- + SCN- 


'-arboxylic ester + HrO - alcoht 
+ carboxylalc ion 
A phenyl acetate + HjO = a 
phenol + acetate 
Triacylglyccrol + HjO « 
J'acylglyeerol + fatty acid anion 
A«.ylchn,ine . H,0 . choline 

= 'I’oline 

+ carboxylate anion 
As 3.1. 1.3 

An orthophosphoric monoester + 
= an alcohol + 
orthophosphate 
Same as above 

A 5'-ribonucleotide + H ,0 - 
nbonncleoside-.orthopJosp’ha,e 


S 

L 

S 


F 

S 


P 


S 


S 

F 

S 

C 

F 

F 

F 
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EC No 

Name 

Reaction Catalyzed 

Site" 

3139 

3 13 16 

Glucose 6 phosphatase 

D glucose 6-phosphate + H 2 O = 

D glucose + orthophosphate 

F 

Phosphoprotein 

Hydrolyzes phosphate ester bonds 

P 

3141 

phosphatase 

in phosphoproteins 


Phosphodiesterase 

A phosphoric diester + H 2 O = a 
phosphonc monoester + alcohol 

F 

\^27S 

Rfbonuc/ease (pancreatic) 

Endonucleolytic cleavage to 3 ' 

S 


phosphomono- and 
oligonucleotides ending in Cp or 


32 11 

32 12 

or-amylase 

Hydrolyzes a 1,4 glucan links in S 

polysaccharides containing three 
or more glucosyl residues 

0 amylase 

Hydrolyzes a 1,4 glucan links m 
polyscchandes by removing 
successive maltose units from 



^'Ti? 


nonreducmg end 

Lysozyme 

Hydrolyzes /M, 4 links between N- S 
acetylmuramic acid and 2- 
acetanudo 2 deoxy D glucose 
residues in mucopolysacchandes 


32 i 24 

tt D mannosidase 

Hydrolyzes terminal, nonreducing 
a D mannose units in 
a D mannosides 

32 130 

iS-N acetyl D- 

Hydrolyzes terminal, nonreducing 

32 1 31 

glucosaminidase 

2 acetanudo 2 deoxy-^ D glucose 
residues in chitobiose and higher 
analogs and in proteins 

^glucuronidase 

A j3-D glucuronide + H 2 O = 
alcohol + D glucuronate 

7 

Plasmin 

Hydrolyzes peptide bonds, C 

preferential cleavage Lys > Arg, 
higher selectivity than trypsin 



“Acid” proteinase 

Hydrolyzes peptide bonds 

34 

Lysyl arylamidase? 


3611 

Inorganic pyrophosphatase 

Pyrophosphate + H-.0 = 2 

3613 

Adenosine tnphosphatase 

ATP + H 0 ~ ADP + F 


(Mg^* activated) 

orthophosphate 

3 6 19 

Nucleotide 

A dmuclcotide -f- HjO = 


pyrophosphatase 

2 mononucleotides 
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{Continued) 

EC No. 

Name 

Reaction Catalyzed Siic^* 

4.1.2.13 

Fructose-bisphosphate 

aldolase 

D-fruclosc*l.6*bisphosphatc = 
dihydroxyacciottc phosphate + D* 
glyceraldchydc-3'phosphatc 

4.2.1.1 

Carbonic dehydratase 

H:CO, * CO. + HiO 

5.3.1.9 

Glucose phosphate 
jsomerase 

D-glucosc-6-phosphate « D- 
fnjciosc*6-phosphaie 


Note: Milk contains other enzymes, and some enzymes listed may be questionable. Freshly 
secreted milk contains enzyme systems capable of mcooxirating fatty acids into glycerides and 
of desaturating stearic to oleic acid; this system is found in the cytoplasmic droplets in ihe 
milk. 

“Mainly located in plasma iP), serum (S>, fat globule membrane |F). casein micelles IC). or 
leukocytes (L). 

‘Not thiol oxidase, EC 1.8.3 .2- 

‘Only present in colostrum, not in normal milk. 


Table A.lt ■ Alcohols, Carbonyls, Acids, end Esters in Milk 


Class 

Compound 

Alcohols 

Ethanol 

Aldehydes 

Formaldehyde 

Acetaldehyde 

Hexanal 

Benzaldehydc 

Ketones 

Acetone 

Butanone 

Diacelyl 

2-penianone 

2-hexanone 

2*hcptanonc 

2*oooat\one 

Acids 

Formic 

Acetic 

Propionic 

Butyric 

Valeric 

Hexanoic 

Octanoic 

Decanoic 

Lactic 


Concentration 

(mg-kg ') 

3 

Q-0.003 

0-0.016 


0-M 

0.08 

+ 

0.007-0.030 

0.007-0.010 


10.0- 85.0 

3.0- 50.0 
0-3.0 
0-9.5 
0-3.8 

4.0- 10.0 
12.5-38.0 

•t- 

34.0- 104.0 
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Compound 

/ 3 -hydroxybutync 

5- decalactone 

6- dodecalaclone 
Glyoxylic 
Pyruvic 
Acetoacetic 
o-keloglutanc 
Oxalic 
Oxaloacetic 
Oxalosuccinic 

Citnc 
Benzoic 
Ethyl acetate 
Methyl palmitate 


Concentration 
(mg kg“’) 

+ 

+ 

+ 

+ 

0-25 0 
0-tr 
0 1-15 0 
3 0-200 0 
0-tr 
0-tr 
1750 0 
2 3-4 0 


TabIeA.12. Nucleic Acids and Nucleotides In I 


Compound 

Adenosine-5 '-monophosphate 
Adenosine-3',5'-cyclic monophosphate 
Guanosine-5'-monophosphate 
Cytidine-5'-monophosphate 
Undine-5'-monophosphate 
Adenosine-5'-diphosphatc 
Adenosine-5'-tnphosphate 
Guanosine-5'-diphosphate mannose 
Guanosine-5'-diphosphate fucose 

Cytidme -5'-diphosphate choline 
Undine -5'-diphosphate glucose 
Undine -5'-diphosphate galactose 
Undine -S'diphosphate glucosamine 
Undmc -S'-diphosphte galaclosaminc 
Undine -S'-diphosphate glucuronatc 
Nicotinamide adenine dinucleolide 
Dcoxynbonuclcic acid 
Ribonucleic acid 


Concentration 


Abbreviation 

(mg kg-' 

AMP 

0 7-21 0 

CAMP 

0 3-9 0 

GMP 

05 

CMP 

1 0-20 0 

UMP 

4 2-60 0 

ADP 

3 0-100 

ATP 

0 1 

GDP Man 

54 

GDP Fuc 

24 0-40 0 

CDP Choline 

3 0-12 0 

UDP-Glc 

4 5-200 0 

UDP Gal 

4 5-180 0 

UDP GlcNAc 1 

18 0 

UDP-GalNAc / 



+ •* 

NAD 

+ 

DNA 

1 1 0-39 0 

RNA 

54 0-176 0 
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Table A.l 3. Miscellaneous Compounds Occurring as Conjugates In 
MUk 


Phenol 

Methyl vanillate 

p-cresol 

Ethyl vanillate 

4-ethylphenol 

p-hydroxyacctophcnone 

3-n-propylphenol 

Benzoic acid 

4-allylphenol 

Phenylacctic acid 

Catechol 

Hippuric acid 

4-methylcatechol 

Indole 

4-ethylcatechol 

Fatty acids 

Guaiacol 

saturated: C4. 6, 8-18 

4-methylguaiacol 

unsaluralcd: 16:1, 18:1, 18:2, 18:3 

4-ethylguaiacol 

Lactones of 

4-vinylguaiacol 

5-hydroxy Ck, 

Vanillin 

5-hydroxy Cu 

Acetovanillone 

■l-hydroxy C,; 

Propiovanillone 
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Standard) Standard) Milk Powder Powder 


M n . CO . 

*? °? '? is *1 7 ^ 

Ov 0 \ 00 VO •— 


ro ■«T • o 2 

(i (i fA ^ 

S = o i S 


353 i=Tn' 22 S 5 J 42 S<iSi 3 r!, 3 i 
sss '^'o4ssSMSs?esd-o o. 


— 00 ^ r<j — ov 


o !» 




00 0 © 2 ^ 

5^2 -?^3!l4222l!33p|I 


fnTt;rn®^Sgo 2 pJ — ^ 




>S 53 >© 9 ^ 3 ,£ 9 S 3 B®'-^'^'^^ 


f f 1 f f 


g o tj .5 >. 

j j u u ^ 


u < 


C 
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1 1 1 1 1 

iS g iT > > 


ChoIesteroK (mg) - 25 - 35 25-35 80-120 

Dcnsity^(p=») kgm’^ 1066 1085 1310 
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P (msl 5S0-600 900-1000 85-100 90-100 125-135 

S (mg) - 200 - 350 - 35 30-35 - 45 

Tlliamin (mg) 0.4-0,6 0.3-0.4 0.03-0.04 0.03-0.045 0.04-0.07 

Ribollavm (mg) 2.3-2.5 1.5-2.5 0.15-0.18 0.14-0.18 0.15-0.30 

PyriOoxiiic (mg) 0.4-0.6 0.2-0.4 ~ 0.04 0.03-0.05 - 0.05 







(mg) ~ 45 35-40 250-450 

(mg) ~ 145 90-100 50-90 

(mg) - 190 80-100 60-100 
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Acetal Phospholipids 
See Plasmalogens. 

Acetaldehyde (EthannI) 

H,C-CHO 

MW 44.1 BP 21 MP - 121 SE » SW 

Acetic Acid 
HjC— COjH 

MW 60.1 pA'4.75 BP 118 MP 17 SE» SW « 

Acetoacetic Acid ( 3 -Oxobutyric Acid) 

HiC— CO— CHi— COiH 

MW 102.1 pA'3.6 BP <100 SE + + SW »> 
Acetone 

H 3 C-CO-CH 3 

MW 58.1 BP 56 MP -95 SE» SW« 

N-Acetylneuramlnlc Acid = NANA ( 0 -Sialic Acid) 

See Figure 6.5. 

MW 309 MP 186 

Adcnosinc-3',5'-Cyclic Monophosphate (CAMP) 



(QHxO) 

(CiH.OJ 


(C,H50 j) 


(CjHeO) 


(C„H„0,N) 


(CioHnO^PNs) 


MW 328.2 
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Table A.16. {Continued) 


Adenosine-5'-Diphosphale (ADP) 



Adenosine*S'-Monophosphate (AMP) 


MW 347.2 p/C 3.7 ; 6.5 ; 13.1 MP 192 
Adenosine-5'*Trlphosphate (ATP) 


MW 507.2 SW + + 


L-Alanine (Ala) 

H,C— CH(-NHj>-COjH 

MW 89.1 pK 2.3; 9.7 MP295 SE - SW 15 

p«Aminobenzoic Acid 

H=N-(|Q^C0;H 

MW 137.1 p3C2.5;4.9 MP 187 SE 8 SW 0,5 
Q-Aminobutyric Acid 

— CH; — CH( — NHi) — COiH 
MW 103.1 pK 2.5; 9,7 MP 292 SE - SW i 
2«Aminoethano1 
Sec Ethanolamine. 

Aneurin 
See Thiamin. 


L-Arginine (Arg) 


(C.oH.sO.oPjN,) 

(C.oHmOtPN,) 

(C.oHisO.jPjN,) 

(CjHtOjN) 

(CtHtO^N) 

(C^HsO^N) 

(CeHuO.N*) 



Appendix 

Table A. 1 6. (Continued) 
L-Ascorbic Acid (Vitamin C) 


HO O 



CHOH— CHiOH 

MW 176.1 pA'4.1;11.8 MP 191 SE - SW 33 
L-Asparagine (Asn) 

H:N-Ca-CH:— CH(— NHi)— CO.H 
MW132.1 pA'2.1:8.8 MP 235 SE - SW2 

IfAsparlic Acid (Asp) 

HOiC— CHr-CH(— NH;>-CO.H 

MW 133.1 p/: 2.1 ; 9.8 ; 2:9 MP270'> SE - SW . 


A*-Avenasterol 



Henzaldehyde 

<Q>-cho 

MW 106.1 MP -26 BP 178 SE » SW 0.3 

Benzoic Acid 

(0)-CO^H 

MW 122.1 pK4.2 BP 249 MP 122 SE + + 
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(CsHsOs) 


(C4HsO,N,) 


(C4H,04N) 


(C29H48O) 


(CjH^O) 


(C,H.02) 


SW 0.4 
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Table A.l 6. (Continued) 


3,4-Benz(o)pyrcne 



MW 252.3 MP 177 BP -470 SW - 


Biotin 



MW 244.3 MP 232 SE tr SW + 

Z-Butanone 

HjC — CHi — CO— CH) 

MW 72.1 MP -86 BP 80 SE « SW30 
Butyric Acid 

H,C-CHr-CHi-CO,H 

MW 88.1 PK4.8 MP -6 BP 163 SE« SW « 

Cadaverine (l^-Diamlnopentanc) 

HiNl-CHJr-NH, 

MW 102.2 BP 179 MP 9 SE tr SW + + 
Campesltrol 



HO^ 

MW 400 MPI58 SE+. 


SWO 


Caprk Add (Droinoic Add) 

MW 172.3 pA'4.8 BP 270 MP 32 


SE 


(C20H12) 


(C,oH„03N2S) 


(C4H,0) 


(C4H,02) 


(CjHmNz) 


(C2,H4*0) 


+ + SWtr 


(C.oHioOj) 
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Caprolc Acid (Hcxanoic Acid) 

HjC(-CHj)<— CO.H 

MW 116 2 pA'49 BP 205 MP -2 SE + + SW tr 

Capr}Iic Acid (Octnnoic Acid) 

H)C(-CH:)i— CO^H 

MW 144 2 pA' 4 9 BP 238 MP 16 SE + + SW tr 

Carnitine (Vitamin Br) 

(HjC— ),N*— CHj— CHOH— CHi— COO- 
MW I6I 2 MP 196 SW + + 


(CeH.iOJ 


(CsH,.0,) 


(C,H„0,N) 


P-Carotenc 



Cephalm 

See Phosphatidylethanolamine 


Cerebrosides 


CHiOH 


H)C(_cHj),2— CH=CH— CHOH— CH(— NH I 


(C48H93NO8) 

® g > Galactocerebroside 

MW 811 MP 182 


Cholecalciferol (Vitamin D3) 



(C.7H„0) 
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Table A.16. {Continued) 


Cholesterol 



MW 386.6 BP 360 MP 149 SE 18 SW 0.26 
Choline 

HOHjC— CH^N(— CH3)r-OH 

MW 121.2 pK 13.9 SE - SW +-+ + 

Citric Acid 

HO'C— CHi--COH(---COjH>--CH<— CO;H 

MW 192.1 pA'3.1 ;4.7;5.4 MP 153 SE2.3 SW 133 
L^ltrutline 

HiN-CO-NH(— CH:),— CH(— NH:)-CO,H 

MW 175.2 pK 2.4 ; 9.4 MP 220 SW + + 




(CjH.jO.N) 




(C*H„0,N,) 


Cobalamin (Vitamin B,j) 

CH. 



CHi— CO— NH, 

CH 

HjN— CO— CH» IH* f — CO— NHj 

,CH, 


chP™-c«-— ^•h-co-ch._ch?Vh^? 


MW 1355,4 SE , 


SW 1.3 


m CH, 

C.,H„0,.PN„Co 


'ra, cii,— cH^o— NH- 


‘^°”™""<1.2-Ena<,pjrone) 

[oQr 

MW 146.1 BP 290 MP 70 


(C,H.Osl 


SW 0.01 
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Creatine 

H;N-C(==NH)— N(— CH,)— CH:— COjH 
MW 131.1 pA' 2.7; 11.0 MP 300 SE Ir SW 1.4 


Creatinine 
H,C NH 


NH 


MW 113.1 pA 4.8; 9.2 MP 300 SE - SW 8.7 


(C4H,OjNj) 


(C4H,0N,) 


Cryptoxanthin 



MW 552.9 MP 169 SW - 


Cyanocobalamin 
See Cobalamin. 


L-Cysteine (Cys) 

H0,C-CH(— NH2>-CH2SH 

MW 121.2 pjT 1.7 : 8.3 : 10-8 MP 240 SE 


SW + + 


L-Cystine 

tHOjC— CH(— NH,)— CHiS— ]i 

MW 240.3 pA 1.7 ; 2.3 ; 7.9 ; 9.9 MP 260 St 


SW 0.01 


Cjtidine 


(C,H,0,NS) 


(C.H,204NjS,) 



MW 243.2 pA 4.1; 12.3 


MP230 SW+ + 


(C,H„0,N,) 
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CjtIdine-5'*Diphosphate Choline (CDP-ChoVine) 

NHi 


O^N Q CHz-OPOjH-POi-— CHr-CHr-N(— CH,), 


HO OH 

MW 474 


C>tWme*5' -Monophosphate (CMP) 


MW 323.2 pK 4.5 ; 6.3 MP 233 

Decano'ic Acid 
See Capric acid. 


Dehidro-L-Ascorbic Acid (Vitamin C) 


O 0 

CHOH— CHiOH 

MW 174.1 MP 210 ? SE - SW + + 


(C„H240,lP2N4) 


(C,H,408PN,) 


(OH^Oj) 


7-Deh)drocho!esterol (Provitamin Dj) 



MW 384.7 MP 150 SE + + SW - 


(C27H44O) 
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22*Deh>drocholestcrol 



Diacclj’I (Biacctyl) 

HjC— CO— CO— CHj 

MW 86.1 BP 88 MP -2 SE ■» SW + + + 


Bihydrophytol 



MW 298.5 


Dimethyl Sulfide (Methyl Sulfide) 

H,C— S-CHj 

MW 62.1 BP 38 MP -98 SE + + SW - 


Ergocalciferol (Vitamin D2) 



(C27H24O) 


(C4H6O2) 


(C:oH420) 


(C2H4S) 


(C28H44O) 



432 


Appendix 



Ethanol (Elhjl Alcohol) 

HjC— CH 3 OH 

MW 46.1 BP 78 MP-n? SEx SW x 

Ethanolaminc (^Aminoclhanol, Cotamine) 

HjN-CHr-CHjOH 

MW 61.1 p/:9.5 BP 170 MP 10 SWx 

Ethjl Acetate 

H,C— CO-OCHr-CH, 

MW 88.1 BP 77 MP-83 SEx sw + + 

Folic Arid (Pterojlfilutamic Acid) 


(CjH^O) 

(C^HtON) 

fC4H,0i) 


MW 441.4 MP250 SE - SWir (C„H„OJ4,) 

Formaldehjde (Methanal) 

HCHO 

MW 30 0 BP -21 .MP-92 sE . SW ^ 

FonnicAddfMMhanoic AcidI 
HCOjH 

MW 46 0 pA-3,7 BP 101 „P8 (CHjOJ 
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Fructosc-l,6-Dipliosphntc (FDP) 
H:0,P— 0-CH: 



HjC— 0— POjHj 


MW 340 


(CtHnOizPi) 


Fnictosc*6-Phosphate 


H:0,P_0— CH: OH 

HiCOH 

MW 260 pA' I , 6 1 

Fucosterol ( 24 -Ethylidcnecholest-S-cn- 3 P-ol) 



(C»H„0,P) 


(C-yyHdsO) 


Galactose-l-Phosphate 

See Figure 3 1. 
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Gangliosides, e.g., ganglioside G 2 
OH 



a-Glucosc-l-Phosphate (Cory’s Esl«r) 
Sec Figure 3.1. 

MW 260.1 p/C 1,1; 6.3 

Glucose>6- Phosphate 
See Figure 3.1. 

MW 260.1 p/C0.9;6 1 


Glucuronic Acid 



OH 

MW 194.1 MP 165 SW+ + 


(C.,H,2:0;6N,) 


(C.H,.0,) 


Appendix 

Table A.i6. (Continued) 


435 


L-G)utamlc Acid (Glu) 

HO,C— CHj— CHj— CH(— NH:)-CO:H 

MW 147.1 p A' 2.2 ; 9.7 ; 43 MP225 SE tr SW 1 

L>Glutamine (Gin) 

H:N— CO — CHj— CHj— CH(— NHj)— COiH 
MW 146.1 pA 2.2; 9.2 MP 185 SE - SW 4 

Glycerol-l-Phosphate (Glyccrophosphoric Acid) 

HjOHC— CHOH— CH;-O-P0jH: 

MW 172.1 pA 1.4 ; 6.4 MP -20 SE - SW » 

Glycerolphosphoclhanolaminc 

HiOHC— CHOH— CHr-O— POiH— O-CH:— CHiNH: 

MW 215.1 


(C5H,0.N) 


(CjHioOjNi) 


(C,H,06P) 


(C5H,40ePN) 


Glycine (Gly) 

HjN-CHf-COjH 

MW 75.1 pA 2.3; 9.7 MP 260 ? SE - SW 25 
Glyoxylic Acid (aldehydo-formlc acid) 

OHC-COjH 

MW 74.0 pA3.3 MP98 SE tr SW » 


Guanosine-S'-Diphosphate Fucose (GDP-Foc) 



MW 587.4 


Guanosine-S'-Diphosphate Mannose (GDP-Man) 


CH-OH 



(CzHjOiN) 


(CzHzO,) 


(C.sHzjOisPzN,) 


(C,»H:,0,6P2N,) 


MW 603.4 
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Guanosine-S'-Monopfiosphork Add (GMP) 

MW 363.2 p;: 2.4 ; 9.4 ; 6.1 MP 195 

(C„H,.0,PN,) 

2-Heptanone 

H3C(— CHi)4— CO— CH, 

MWU4.2 BP 150 MP--35 SE++ SWtr? 

(C,H„0) 

Hexanal 

H3C(— CHi)4— CHO 

MW 100.2 BP 130 MP-56 SE+ + + SW ir 

(C.H„0) 

Hexanoic Acid 

See Caproic add. 


2-Ilexanone 

MW 100.2 BP 128 MP -57 SE * SWtr 

(C.H,-0) 

n-Kex}lamine (l-Aminohexaae) 

H,C(-CH 2 )r-NHi 

MW 101.2 pKlQ.6 BP 130 MP -19 SE« SWtr 

(C.H„N) 

HIppurfc Acid 


^Oy-CO— NH— CHj— CO;H 

(C,H.O,N) 

MW 179.2 pKi.S MP190 $E tr SW 0.4 


Histamine 

^CH,— CHi— NHi 

H 

MW 111.2 p^:6.0'’ MP83 SE tr SW + + + 

(C.H.Nj) 

L-Histidine (His) 


^)— CHi— CH(— NHnJ— COjH 

H 

(C.H,OjN,) 

MW 155.2 pK1.8;9.2;M MP28I)? SE - SW 4 


MWKM.i p^:4.5 mP 49 SE « sw ® 

(C.H.O,) 



Appendix 

TabIeA.16. (Continued) 


L-Hjdroxjprolinc (Hjp) 
OH 



H 

MW 131.1 pK 1.9; 9.7 MP 274 SW 35 
Indican (lndo\)l-/3>Gliicosidc) 

MW 295.3 MP 180 SE ir SW + + 
lndox>!sulfate 

(gcio-so. 

MW 213.2 SW + 


Inositol 

See Myo-inositol. 


Isocitric Acid H 

jC— CHj— CH(— COjH)— CHO 


HO: 


MW 192.1 MP 105 SE tr SW + 


-Isoleucme Ole) , nuf-NH-I-CO.-H 
MW 131.2 pK 2.4; 9.7 MP 28 


or-Ketoglutaric Acid 
See 2-Oxoglutaric acid. 


™"1ch=-chc-nh=)-co.h 

'NH: 

8.2 MPI90 S'Vtr 
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(C,H,OjN) 


(C,4H,70.N) 


(C,H,04S) 


(CsHgO,) 


(C,H„04N) 


(C,„H,:OjN.) 


Lactic Acid 
See Tabic A. 18- 
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T^Lactones 


— CH:}„H 
SE + + SW - 
6-Lactones 


^0^ '(—CHsLH 

SE + -H- SW - 

Lanosterol (Crj'ptosterol) 



MW 426.7 MP 140 SE + -n 
Lathosterol 



HO 

MW 386.6 MP 122 
Ucilhlns (Phosphatidyl Cholines) 

Phosphatidyl-— CHj-CH,—N(—CH,), 

L-Leucine (Leu) 

(H.C)r-CH-CH^H(-NH,)-CO,H 

MW 131.2 pK 2.4; 9.7 SE - SW 2 
o-Lipoic Add (li,8-Thloctic Add) 

S-S 

^^-^(-CH,)._COjH 
MW 206.3 pK 4.7 MP 47 SE • 


SWtr 


(CjoHjoO) 


(C27H4*0) 


(C*.H,jOiN) 


(C8H,402S2) 
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Lutein 

See Xanthophyll. 


Lycopene 



L-Lysine (Lys) 

HjNC— CH(— NH j)— COjH 

MW 146.2 p^: 2.2 ; 9 ; MP 224 SE - SW «> 

Methanal 

See Formaldehyde. 


(C^HuO^N^) 


L«MethIonine (Met) 

(C,H„OjNS) 

MW 149.2 2.3 ; 9.2 BP 186 MP 283 SE - SW 5 


Methyl Sulfide 
See Dimethyl sulfide. 


24-Methylenecholesterol (24-Methylenecholest-5-en-3/J-ol) 



(Cj,H4sO) 


N-Methylglyclnc (Sarcosine) 

HjC— NH— CHj— CO;H 

MW 89.1 pA' 2.2 -,10.2 MP211 SE - SW + + 


(CjH.O.N) 


440 


Appendix 

TAbleA.16. {Continued) 


Morphine 



i-N— CHj 
MW 285.3 MP 254 SE tr SW tr 


(C,7H,vO,N) 


M^o-Inositol 


(CftH,206) 


MW 580.2 MP220 SE - SW 15 

NANA » N‘Acetylneuramlnlc Add 
See Figure 6.5. 

Neutral Glyceryl Ethers 

R-CH^Hr-t>-CH^H(-0-CO-R'>-CHr-0-CO-R" 

Neutral Plasmalogens 

R-CH=CH-O-CH^H(-O-C0-R'^-CH,-{>-CO-r.. 

Nicotinamide 

See Nicotinic acid amide. 



Nicotinamide Adenine Dinucleotide (NAD*) 

NHj 

@3 

O— TO,H-0-CH 

H 

HO OH 


(or' 


MW 663.4 SW + + 


HO OH 


(Cz.HztOuPzNt) 
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Nicotinic Acid (Niacin, Pyridine>3'Carbox}Iic acid) 
(0)-CO,H 

MW 123.1 pA'4.8 MP236 SE Ir SW tr 


Nicotinic Acid Amide (Nicotinamide, Niacinamide) 




-C0NH2 

N-^ 

MW 1 22. 1 MP 130 SEtr 


SW + + 


2<Nonanone 

HjCl— CHJ^O-CH, 

MW 142.2 BP 195 MP -8 SE ++ SW - 


Octanoic Acid 
See Caprylic Acid. 

L-Ornllhine 

H:N(— CH,),— CH(— NH,)-CO:H 

MW 132,2 pK 1.8 : 8.7 ; jOJ MP 140 SE tr SW + ■- ->- 

Orotic Acid (6-Uracilcarboxylic acid) 



H 

MW 156.1 pK 2.5 , 9.5 ; 13 MP 346 SE - SW + 


Oxalic Acid 
HO,C— COjH 

MW 90.0 pArl.2:4.2 BP 157 MP 189 SEtr SW 10 

Oxaloacetic Acid 
HOjC— COH=CH— CO^H 

MW 132 pA'2.2;4.I 
Oxalosuccinlc Acid 

HO,C— CO — CH(— CHr-CO.H)— COjH 
MW 190 


(CsH^OjN) 


(CtHsONj) 


(CsH„0) 


(CJH1JO2N2) 


(C5H,04M2) 




(C4H<02) 


(C.H 40 ,) 
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Z-Oxoglutaric Acid (a*Ketoglularic Acid, 2-Oxopcnlancdioic Acid) 
HOjC— CHr-CHi-CO-COjH 
MW 146.1 MP115 SE++ SW + + 

D-Panlolhenic Acid 

H0-CH2-C(— CHjir-CHOH-CO— NH-CH^Hr-CO:H 
MW 219.2 SE + SW+ + + 

Pentanoic Acid 
See Valeric acid. 

2*Pentanone 

H,C— CHi-CHi-CO-CH, 

MW 86.1 BP 102 MP -88 SE® SWtr 


L-Phenylalanine (Phe) 




CHz-CHl-NHjl-COjH 


MW 165.2 pK2\9 MP 283 SW 3 


Phosphatidlc Acids 

R— CO— O— CHr^H(— 0^0— R')— O— POjHj 

Phosphatidyl Choline 
See Lecithin. 

Phosphatidyl Ethanolamines (Cephalin) 

Phosphatidyl-— 


Phosphatidyl Inositols 


Phosphatidyl 


HO OH 
Mjl— (! ^0 


H 

HO OH 


Phosphatldjl Serines 

?hnsplialidyV-CH^H(-SH,HCO- 

Phosphoethanolamine 

to.h,-o-ch^h,-nh. 

MW 141.1 


(C 5 H.O,) 

(C,H„05N) 

(C,H,oO) 

(C,Hi,0;N) 


(CjH.O.PN) 
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Phosphopynivic Acid 

H2 C=C(-OPOjH>-CO,H (C,H40,P) 

MW iSI.O pA' 3.5; 6.4 

L-Phosphoserine 

H2O3PO-CH:— CH(— NH^)— CO,H (C3H8O6PN) 

MW i85.i 


Phytane (2,640314-Tctramcthyiiicxadccane) 



MW 282 SE + + SW - 

Piiytol (3,7,ll,lS-Tctrame(hyi-2-Hexadeccn-l-oi) 


(CjoH^O) 

MW 296.5 SE 0= SW - 

Piasmaiogens (Acctaiphospholipids; Phosphalidai'ChoIine and 
■Ethanoiamlne) 

R— CH=CH— O— CHi— CH— CHj— O— PO 3 -— CHj— CHj— <CH3)3 
0_CO— R' 



Pristane (2,6,10,14'Tetramethyipentadecane) 



MW 268.5 BP 296 MP - 100 SE + + SW - 


(C19H30) 


L-Proline (Pro) 



H 

MW 1I5.I pA2:l0.6 MP 220 SE - SW 162 

Propionic Acid (Propanoic Acid) 

H3C— CH:— CO3H 

MW74.1 pA4.9 BP 141 MP -20 SE ++ SW » 


(C,H,03N) 


(CjH^O,) 
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Retinol (Vitamin Ai) 



MW 286.5 MP 63 SE + + SW ~ 


Riboflavin (Vitamin B 2 ) 

See Figure 11.7 

MW 376.4 pK\0 MP 280 SE - SWO.Ol 

Salicyluric Acid (2-Hydroxyben2amidoacetic Acid, 2- 
Hydroxyhippuric Acid) 

CO— NH— CHz— CO2H 
OH 

MW 195 p/l strong acid MP 170 SE ir SW ir 
L-Serine (Ser) 

HOH2C— CH(— NH:)— COjH 

MW 105.1 pA' 2.2; 9.2 MP 228 SE - SW 40 

^•Sitosterol (Cinchol) 



(C20H30O) 


(CJ7H20O6N4) 


(C9H9O4N) 


(CjHtOjN) 



Spermidine 

H:N(— CH2)4— NH(— CH:),— NHj 
MW 145 


(CsvHsqO) 




Spermine (Gcrontlne) 

H,N(— CH;)3— NH(— CH,)^— NH(-CH,),— NH 2 
MW 202.3 pA' stronc base 


(C,oH2.NJ 
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Sphlngomjclln^ 

jjjC(_CH2),r- CH=CH--CHOH— CH— C!lr-0— 




NH-CO-K 


Squalcnt iSplnactnc; 2,6,10, If. 19, Zi.I!c\amclh)llf!nicmanc- 
2,6,10,14, 18.22-Uesacnc> 



MW 410.7 MP<-20 Sn + + SW - 
SllRmx^troI 



Taurine 

H,N-CH:-CH:-SO,H „.o,NS) 

MW 123.2 pK1.5;9 MP 323 SE - SW 10 ' 


Thiamin (Vitamin Di; Aneurin) 



MW 337.3 MP 250 SE - SW + + + 


Thiocyanate Ion 
S=C=N- 

MW58.] p^:-i.8 SE+ + + SW+ + + 
L*Threonine (Thr) 

H 3C— CH OH— CH (— N H 2>-CO,H 
MW 119.1 p^: 2.1; 9.1 MP253 


(C,;H„0N4C1:S) 


SW25 ? 


(C4H»0,N) 
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a-Tocopherol (Vitamin E) 



HO CHj— CH(— NH2)— CO,H 

MW18!.2 pA:2.2: 9.1 ; lOH MP 342 SE - SW 0.045 


Ubiquinones (Coenzyme Q) 
O 

H,CO. J 



Urea (Carbamide) 

HjN— CO— NH z 

MW 60.1 pA:0.2 MP 133 SE - SW 110 


Uric Acid 



H H 

MW 168.1 pjf3.9;3.6 SE - SW Ir 


(CzvUsaOj) 


(CvH.iOsN) 


(CH,ON:) 


(C5H,0jN4) 
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T 4 bleA.! 6 . {Continued) 


O 


11011:C o 

H 


HO OH 

MW 244.2 pA' 9.2 


12.5 MP 1f.5 SW * 


Uridlnc-5**N!onopho'phalc (t'MI’j 

O 


HN 

O^tS 

HAP— OCHs 


hlAP— OCHs 

r 


H 


HO OH 

MW 324,2 pK9.5 MP200 


Valeric Acid (Tenlanolc Acid; Valerianic Acid) 

H,C(— CH,)^OjH 

MW 102.1 PK4.8 DP 186 MP-34 SE ♦ t SW 3 
L-Vallne O'al) 

(H,C)r-CH-CH(— NHi>-CO,H 
MW 117.2 pK 2.3; 9.7 MP95 SEtr SW 7 
Vitamin Ai 
Sec Retinol. 

Mtamin C 

See L-Ascorbic Acid. 


iaH.AN.) 


IC,H.,0,PN;» 


lC,H.,Oj) 


(CsHr.OjN) 
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For = 0 Menadione = Vitamin Kj 
MW 172 2 MP 106 SE + SW - 



MW 568 9 MP195 SE + + SW - 


(C.0H56O2) 


Zeaxanthin 

Isomer of xanthophyll (QoHssOi) 

MW 568 9 MP210 SE + SW - 


Note BP = boiling point (®C), MP » meliing point (‘’C), MW = molecular weight, pK 
“ P^» — — log acid, intrinsic dissociation constant", SE « solubility m (g/100 ml) ether, SW 
= solubility in (g/100 ml) water, tr == trace 

"For ammo acids the pATs may be of racemic mixtures Underlined values refer to the side 
chain of the amino acid 
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Table A,I7. Properties of lactose 

Solubility in water ( 9 , In r/ 100 g water) as a function of temperature (T, 'C) 
o-lactosc: log q *“0.613 + 0.0128 T 
fi-lactosc; log q *“1.64 + 0.003 T 

equilibrium solution: q = 12.48 + 0.2807T + 5.067 x I0'’7^ + 4,168 x 10 7^ 
+ 1,147 X 10-‘T' 

Effect of sucrose on the solubllit) « relath c to the solubllit) (g/IOO g water) In the absence 
of sucrose 



0 tuemt /g >c*tf 

Diffusion constant of lactose In water at 20*C: 43 x !0*’'m* s‘ 
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Table A. 1 7 . (Continued) 

Properties of lactose crystals 


Property 

a 

Hydrate 

P 

Anhydrous 

a 

Anhydrous 

Stable 

a 

Anhydrous 

Unstable 

Crystal system 

monoclinic 

monoclinic 

7 

? 

Unit cell 





a axis (nm) 

0.80 

1.08 



b axis (nm) 

2.17 

1.33 



c axis (nm) 

0.48 

0.48 



p (degrees) 

109.5 

91.1 



Density, 20“C (kg*m“^) 

1525. 

1589. 

1575. 

1544. 

Specific heat (kJ*g~‘) 

1.25 

1.21 



Heat of solution' 

-18.1 

-3.3 


+ 10.5 

(kJ*mol“*) 





Heat of transition*' 

+ 1.5 

— 



(kJ*mol"‘) 





Melting point' (®C) 

201.6 

252.2 


222.8 

Solubility, 25"C (g/100 

8.6 

51.9 

35. 

8.6 

g water) 






'Of solution. 

*Of lactose dissolved in water. 
'For a dilute solution. 
‘Transition from a to ^ 
'Decomposes. 
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Table A.t8. Properties of Lactic Add 


Formula 

CH 5 -CHOH-CO 1 H. MW 90.1 
Solubility 

Soluble in water in all proportions, slightly soluble in ethanol and ether (according 
to pH), not soluble in apolar solvents. 

Isomers 

Both D and L lactic acid occur, specific rotation slight and depending on 
conditions. 

Melting Point 

D/L lactic acid 16.8*0 

Boiling Point 

D/L lactic acid 122.0*C at 15 mm Hg 
Density 

1250 kg-m“^at20.0*C 
Esters 

In concentrated solutions (> 6%) biomolecular and higher esters are formed, such 
as lactoyliactate: 

CHrCHOH.CH(.CH,)-CO,H 

■nice estcR hydrolyw again after dilulion, but slowly; rate of hydrolysis in- 
creases with temperature and pH. 


Table A.19. 

CajCitrate 2 

CaHP 0 .- 2 H 20 

CsuHfPOd), 

Ca,(PO «>2 

Ca,OH{PO*), 

Ca(CH,CH0HCO2)2 

MgHPO,-3HjO 


Intrinsic Solubility Products at 20*C 

2.3 X io-'» 

2.6 X 10-’ 

1.2 X 10-" 

-'2.0 X 10-=» 

- io.o-» ? 

- I 0 . 0 -* 

U X 10 -* 


A'off.- 


Fron. free »n aaiviUe, i„ ^ 


moP-kg"* 

moP'kg"' 

moP-kg'* 

moP'kg"^ 

moP-kg-’ 

moP-kg"’ 

moP-kg"* 
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Table A.20. Approximate Intrinsic Association Constants at 20°C 
(kg water per mole) 


Anion 


Cation 



H*“ 

Ca** 

Mg-** 

Na’ 


HjCitrate" 

1.2 X 10> 

30 

15 

I 

I 

HCitrate-" 

6.0 X 10* 

10’ 

500 

10 

10 

Citrate’" 

2.5 X 10* 

10’ 

10’ 

10 

10 

HjPOs- 

100 

10 

10 

I 

1 

HP03- 

1.8 X 10’ 

600 

800 

10 

10 

POJ- 

3.0 X 10*’ 

3.0 X 10* 

10’ 

100 

100 

G!ycosyl-POs' 

3.0 X 10‘ 

300 

300 

10 

10 

HCOj- 

2.3 X 10'* 

20 

20 

1 

I 

CO}- 

2.1 X I0"> 

10’ 

10’ 

10 

10 

Cl- 

< 1 

10 

5 

1 

I 

SOI- 

100 

200 

200 

10 

10 

HC„H,„COr 

5.0 X 10* 

10 

10 

I 

1 

CHj-CHOH'COj- 

8.0 X 10’ 

• 





"Loganthms of values in this column give the inlnnsic p/T. 
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Table A.21. 

Physlca! Properfles of Milk Fat 



Temp. 

(“C) 

Density 

(kg-m'*) 

Refractive 

Index* 

Viscosity 

(mPa’S) 

Solubility of 
Water 
(% w/w) 

10 

922 

0-465)^ 


(0.11) 

20 

915 

1.462 

70.8 

(0.14) 

30 

909 

1.458 

45.7 

0.17 

40 

902 

1.454 

30.9 

0.20 

50 

895 

1.451 

22.1 

0.24 

60 

S89 

(1.447) 

16.6 

0.27 

70 

882 

(1.444) 

12.5 

0.32 

80 

876 

(1.440) 

9.8 

0.36 

90 

(869) 

(1.436) 

7.6 

0.41 

100 

(863) 

(1.433) 

6.2 

0.46 


Refractwe vndcx at AtfC as a fuactioft of wavelength f ^tTn) is approximately 


nA — /»£> 


' s.nx^ ~ 0.03 y 

^2.77A* - 0.03/ 


- 1.455 


where no = refractive index at A = 0.589 itm. 


Heat conductivity: -0.17 at room temperature. 

Specific heat: -2.1 U*kg-‘-K-' at 4(fC. 

Heat of fusion (total): 85-100 kJ-kg"' 

Melting dilatation (total): 55-60 cm*'kg‘' 

Coefficient of expansion (liquid fat): —(0.84 + 0.00056 T) cm*-kg"‘-K"', Tin*C. 
Electrical conductivity: < 10"'® A'V"'-m"' 

Pielcctrical constant (relative to that of vacuum): —3.1, but greatly depending on 
frequency. 

Solubility of air in fat: -87 cm»-kg' \ which is made up of 28 cm* O 2 and 57 cm* 
N:, all for liquid fat at room temperature in equilibrium with air at atmospheric 
picssare. Salability of ait in setoi fat is tit^ipblc, 

fiote: Values art for Uquid fat. 

•At A = 589 run. 

‘Values between brackets arc based on extrapolauon. 



Table A.22. Density (p) and Viscosity (jj) of Mlllt Fractions as a Function of Temperature (T) 

p Plasma pFat" pSenim* p Water - r; Plasma t; Water 

(kg-m->) (kg-m-’) (kgm-’) mPa-s mPa-s 


wmmmOOOOOOOOO 


m in o\ 00 *«»■ \o 

00 cx VO ^ 

rsi <s ^ ^ 


f cxONOor^knr^oor^r^ — «nod 
5 >C\C\ 0 \ 5 xO\oooor^r>-oin 

CNC\OxONO\ 0 \ 0 \ 0 \OnOxO\On 


r- r- xo in 

5J CJ d 
o o o o 


nj xo © ^ r*; © 

xfl-* ni On C7\ xfl*' » 

O'* CiJ ” *? © Q ON 

O © © © O O Ox 


ON — 00 N 0 «SOxr>iNnO\r>J'O 

mmm — — oOONCOOOf; 
ONONOtOiOvO'ONOOOOCOOO 


oxC'^'^f^ONO — eo'Or'io 
tntn^rn — Onoonno — Jp 

oooooooo©© — 
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^Calculated. 
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Table A.13. Refractive Indices (n) of Milk Fractions 


Parameter 

Water 

Plasma 

Serum 

Milk Fat 


1.33295 

1.34800 

1.34240 

1.46200 

dno/dldO-* K-‘)“ 

-1.29 

-1.25 

-1.27 

-3.65 

dn«/dA(10'* nm-'r 

-3.2 

-3.6 

-3.4 

-0.4 


*T - temperature. 

*A = T^avclength; only valid near K = 589 ntn (D-line). !n many cases + 2)/(n* - 1) is 
linear with A"*. 


Table A.24, Thennal Properties 

Heat Conductivity 



(J-m' 


Specific Heat 

Product 

20’C 

KTC 

2(rc 

(Jg-') 

Water 

Scrum 

Plasma 

Milk 

Concentrated milk' 
Concentrated milk* 
Cream 2V7c fat 

0.59 

0.54 

0.54 

0.53 

0.49 

0.46 

0.39 

0.67 

0.64 

0.63 

0.61 

0.56 

0.53 

4.14 

(3.95r 

3.89 

3.80 

3.47 

3.23 

Cream A07c fat 

0.33 


3.55 

Milk fat 

0.17 

(0.18y 

3.26 

2.26 


Sott. Approximate values 

,0 1/19 „ng„oj „„„ 

•Concenujttd lo 1/2.54 Ihc ong/ral 

'Calmlate^ 
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Table A.25. NutHtive Value of Milks 




Content per 100 g 

Daily Requirements" 

Cow’s Milk 

Human 

Milk 

Children'’ 

Adults*" 

Range 

Mean 

Energy 

(kJ) 

250-300 

275 

300 

5400 

11,000 

Water 

(g) 

85.5-88.7 

87.3 

87.1 



Fat 

(g) 

2.4-5.5 

3.9 

4.5 



Protein 

<g) 

2.3-4.4 

3.2 

0.9 

23 

56 

Lactose 

(g) 

3.8-5.3 

4.6 

7.1 



Ca 

(mg) 

60-200 

125 

31 

800 

800 

P total 

(mg) 

50-150 

100 

15 

800 

800 

P inorganic 

(mg) 


70 

12 



K 

(mg) 

100-200 

150 

52 

550-1650 

1875-5625 

Na 

(mg) 

20-90 

44 

15 

325-975 

1100-3300 

Cl 

(mg) 

60-180 

105 

41 

500-1500 

1700-5100 

Mg 

(mg) 

5-24 

13 

4 

150 

350 

Citrate 

(mg) 

90-270 

175 

40 




"U.S. recommended allowance except K, Na. and Cl are "adequate and safe" levels of intake. 
*1-3 years. 

^23-50 years, male. 
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Accuracy of analysis, 378-380 
Acetaldehyde: 
flavor, 345 

formation by heating, ] 80 
Acetic acid, formed by heating, 180 
Acetophenone, 345, 351 
N-acctylneuraminic acid (NANA), 138 
cleavage from protein, 174 
Acidity of mOk, 192-'197 
changes in, 54 
titratable, 195-196 
Acids (organic) in milk, 412-413 
Actiwty; 
of protons, 194 
of salts, 44-47 
of water, 8, 301-311 
Adsorption, 212-215 
kinetics of, 214-215 
Aflatoxin Mj, 141 
Age gelation, 166, 246-248 
Agglutination of fat globules, 264-265 
Agglutinins, 265 
Air bubbles. 279-289 
Albumin blood serum, see Blood senim 
albumin 

Alcohols in milk, 412 
Aldehydes: 

from linoIeJc acid, 34? 
in milk, 137,412 

Aldolase (fructose-bisphosphate aldolase), 127 
Allergens in milk, 367 
Amines in milk, 408 


Amino acids: 

composition of milk proteins, 402-403 
derivatives in milk, 408-409 
essential. 366 
free in milk, 408 
in human milk, 366 
properties of, 100-101 
residues in proteins, 10&-101 
sequences in milk proteins, 109, 116, 
404-407 

p-amlnobenzoic acid, 372 
Amino sugars in milk, 409 
Ammonia, 138 
Analysis of milk: 
accxuacy, 378-380 
recalculation. 380-381 
sampling 377-378 
Antibiotics, 143 
(-N-^aspartyl) lysine, 175 
Antibodies see Zmmuno^obulins 
Arachidom'c acid, 364 
Ascorbic acid: 
content in milk, 360, 372 
degradation of, 172, 310 
oxidation of, 200 
Ash, determination of, 391 
Association constants of salts, 453 
Atberosclerosis, 365 
Autooxidatlon of linoleic acid, 347 
Autooxidation of mQk fat, 83^8 
as affected by copper, 85-86 
beat. 166. 172 
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Index 


Autooxidation of milk fai (Confjnuctf): 
processing, 87-88 
various conditions, 8&-87 
water activity, 310 
mechanism of, 83-86, 347 
products of, in relation to flavor, 343-348 

Bacteria: 

agglutination in milk, 208 
growth as affected by water activity, 310 
growth and metabolism, 160 
inhibitors of, in milk, 207-209 
killisigby heat, 172,209 
milk as substrate for, 165, 206-209 
Biosynthesis of milk, 12-26 
Biotin, 371 
Blood serum albumin: 
amino acid composition of, 402-403 
concentration in milk, 107 
properties, 108 
structure, 117, 118 
Browning see Maillard reaction 
Buffalo mOk oomposition, 149 
Buffering 194-196 
groups in milk, 194 
index, 194 
Butter 

composition, 417^18 
flavor, 353-354 
flavor formulation. 354 
volatile compounds in, 353 
Buttermilk, composition, 420-421 
Buttemulk powder, composition, 420-421 
Butter ©a, 76-77 

Butyric acid, formalioD by healing 1 80 

Calcium, quantitation of, 392 
Calcium phosphate: 
colloidal, 51-53 
effect of beat on, 163 
Camel milk composition, 149 
Carbonates in milk, 43. 49, 50, 136 
Carbon dioxide in milk, 43, 49, 50, 136 
loss on heating 163 
loss on bolding S3 
Carbohydrates of mDl; 27-4 1 
other than lactose, 40 
Carboxylic acids, 137 
Carnitine, 372 
Carotencrida, 61 
Caseins, 2 

«miao acid composition, 402-403 
association, in, 
cowentration in mtiv 107 


interactions, 113, 114 
properties, 108 
osl'Casein: 

amino acid composition. 402-403 
amino acid sequence, 109, 405 
charge distribution, 109 
concentration in milk, 107 
genetic variants, 407 
properties, 108, 110 
os 2 -Casein: 

nmino acid Composition, 402-403 
amino acid sequence, 109, 404 
charge distribution, 109 
concentration in milk, 107 
properties, 108, 110, 111 
P-Caseim 

amino and composition, 402-403 
amino acid sequence. 109, 405 
charge distribution, 109 
concentration in milk, 107 
genetic variants, 407 
properties, 108, 111 
rCasein; 

composition, 111-112 
concentration in milk, 107 
nomenclature, 112 

KvCareiiL 

amino acid composition, 402-403 
amino acid sequence, 109, 405 
charge distribution, 109 
concentration m milk, 107 
genetic variants. 407 
glycosyl groups. 113 
properties. 108, 112-113 
Casein micelles: 
aggregation of, 165, 236, 237 
binding by, 237 
calcium phosphate in, 51-53 
equilibrium with medium, 232 
foaming effect on, 282 
"hairy," 230, 23! 
beating effect on. 236 
model, 231 
pH effect cm, 236 
properties, 5, 6. 229-234 
salu effect on. 233 
size, 231-233 
rtaWlity, 234-237 
structure, 230 
svbmicclles of, 230 
temperature effect on, 234, 236 
voluminosity, 231 
Casein preparations, 323, 325 
Catalase. 127 , 129 
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Cells m nulk, 24 
Cerebrosides, 61 
Cheese, flavor of, 355-357 
volatile compounds m, 356-357 
Chlonde, quantitation of, 393 
Cholecalciferol, see Vitamin D, content of milk 
Cholesterol, 365 
Cholme, 372 
Chummg, 283-285 
Chymosm, 238-240 
mactivation by heat, 172 
Cisterns, mammary gland, 25 
Citrate 

mammary synthesis of, 16, 21 
quantitation of, 393 
ClotUng 

by chymosm acton, 240-245 
eflect of heat treatment on, 166, 245 
Clusters of fat globules, 260 
Coalescence of fat globules, 261-263 
Colloidal phenomena, 218-227 
Colloids, hydrophilic, 219-220 
Color of milk, 160 
change on heaUng, 165, 179-181 
Colostrum, 9, 152 
Components of miUc 
alphabetcal list, 423-449 
formulas, 423-449 
principal, 1-3 
propertes, 423-449 

Compositon of dairy products, 160, 416-422 
Compositon of milk, see Milk compositon 
Concentratng rmlk: 
by drymg, 317-320 
^by evaporatng, 314-315 
effect on flavor, 350-351 
\.effect on propertes, 307-309 
effect on reacton rates, 310-314 
by freezmg, 315-317 
by membrane processes, 320-323 
Concentraton rato, 307, 314, 315 
Conjugated compounds, 139, 414 
Contact angle, 215-217 
Contaminants, 9, 140-143 
Coprecipilate (proteins), 324 
Coronary heart disease, 365 
Cottage cheese, compositon. 421-422 
Cowy flavor, 343 
Cream. 

compositon, 417-418 
flavor, 352 

Creaming, 160, 273-278 
agglulmm, effects of, 277 
heat, effects of, 166 


rate, 273-277 
Creatne, 138 
Creatimne, 138 
Cryoglobulins, 264 
Crystallization of milk fat, 92, 160 
Cultured products, flavor of, 351-352, 354 
volatle compounds m, 352 
Curds, cow vj human milk, 367 

DDE. 141 
Deamidaton, 175 
Debye-Huckel parameter, 220 
Dehydroalamne, 175 
Denaturaton of proteins, 105-106 
effect of water activity on, 31 1 
enthalpy of, 169 
entropy of, 169 
free energy change in, 169 
kinetcs of, 168 
Density 

of milk, 186-188 
of milk fat, 454-455 
of milk fractons, 455 
of milk products, 187, 416-422 
vanatoD with temperature, 1 87 
Detergents, 1 43 
Diacetyl, flavor, 345 
Diameter 

of fat globules, 255-257, 267 
number average, 227 
volume-surface average, 227 
Dielectnc constant of milk fat, 454 
Diglycendes, 68 

Dilatation of milk fat on melting, 454 
Dimethyl sulfide, 342, 345 
Dimethyl sulfone, 138 
Dispersity, changes in, 224-226 
Disulfide mterebange, 175, 176 
DLVO theory (re colloids), 222-223 
Donkey milk, composiUon, 149 
Drugs, 143 
Diy millc 

composiUon, 418-420 
flavor, 350-351 
manufacture, 317-320 
properties, 317-320 
Ducts, mammary gland, 25 

Eh see Redox potential (Eh) 

Ellers cquauon (wscosity), 290 
Electncal conducUvity 
ormUk. 8,51 
of milk fat. 454 

Electncal double layer, 220-221 
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Electrodialysis, 11 

Elccliokinetic potential, see Zeta potential 
Electrostatic repnlsioa, 222 
Emubifier properties of protein concentrates, 
328-330 

Emulsion stability, 160 
Enzymes, 123-134 

activities in cow’s and human milks, 127 
classified list, 409-412 
effect of heat on, 133-134, 164, 172 
effect water activity on, 310 
flavors caused by, 350 
kinetics ofl 123-126 
source and significance. 126 
Ergocalciferol, see Vitamin D, content cf milt 
Esterases. 80 
Esters in milk, 137,413 
Ethanol in milk, 137 
Evaporated culk, 314-315 
composition 418-419 
Ev^oration, 11, 314-315 
Expansion, eoeSicient of (milk fat). 454 

Fat globule membrane, 70-76 
co mpoKtioa 72-73 
ori^oC 71-72 

p roc e ssbg effects on, 75-76, 165-166 
protein ( 0 , 121-122 
ftnietare of, 74-75 
Fat globules, 3-5 
chisteringof, 166, 260 
coalescence of, 166, 261-263, 274 
cold aggtutionation oC, 264-265, 274 
composition oC 257-258, 274 
floccules oC 260 
in foaming, 283-289 
bomogeniration of, 266-273 
in recombined 273-274 
size distributioa at, 259-257, 274 
staKHty of; 259-264 
transport in mammary 23 
Fatofmllb 
absorption oC 363 
correlation with protein, 148 
oystallization ofl 88-96. 1 60. 258 
digestion oC, 363 
“fat constants^ at, 401 
fatty acids in. 64-65 
mam-nir y synthesis cC. 17-18 
cf eSk products, 76-78 
nearaj lipids in. 399-400 
pfcysieil prc^ierties oi; 454 

properties at, 298-299 
»oh*nhy of air in. 454 
sdaKEty cf water in. 454 


Fatty acids 

arrangement in triglycerides, 67 
dietary essential. 364 
free in miTk, 60, 68-69 
in human milk, 364 
major in milk fat, 64-65 
minor in milk fat, 398-399 
stni e t ur es cf, 59-62 
Fencenlalion, of lactose, 37-40 
ofmnk.ll 

Fermented milks , mitrilive value, 375 
Flavor; 

analysis, 341-342 
balance, 341-342 
compounds, 338-346 
p e r ce ption. 336-338 
threshold, 339-340 
Flavor, of milk. 160, 352, 350 
heated milks, 165, 345-349 
Flocculation kinetics, 224 
Flotation in churnm^ 284 
Foaming, 279-283 
of milk prodncts, 282-283 
of protein preparations, 330-33 1 
Folic arid, 360. 371,372 
Formic arid, pt^nction by heatm& 180 
Fooling, 181-184 
Freezing point of milk, 8, 5 1 
Furfural: 

alcohol production by beating. 180 
production by heatings 180, 345, 351 


Galactosemia, 361 
Galactose in mitv, 40 
P-galactosidase, 29 

Galactosyl transferase, 20, 21, 1 16, 130 
Gan^iosides, 61 
Gases m rank, 135 
Gelation of casein micelles, 225 
by a^g. 246-248 
by cfaymosin, 243-245 
Gels, 294-297 
acid vs. rennet, 297 

inleiaolecular covalent bonding in, 297 
“’•’■covalent bonding in, 297 
Gbce, 77 


GWs equation (adsorption), 212 
Glucose, in i-nv 40 
Gtacse jbosphate ison»rase. 127 
l“N->g 3 uta 3 jyI) iysine, 175 

Gljwides, mcQo, <2, tri, 60 
Glycerri ethers, 62-63 
Goat mnv- 
allergens in, 367 
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gross energy of, 359 
Gonadotropin-releasing hormone, 140 
Granules of fat, 260 
Gross energy of milk, 358, 359, 360 

“Half and Half,” composition, 416-417 
Hamaker constant (re colloids), 222 
Heat coagulation, see Heat stability of micelles 
Heat conductivity of 
concentrated imlk, 456 
cream, 456 
milk, 456 
milk fat, 454, 456 
nulk fracbons, 456 
Heat effusion of milk fat, 454 
Heat stabUity of miceUes, 160, 172, 248-253 
effects of additives, 252 
composition, 251 
concentraUon, 251-252 
homogemzation, 253 
pH, 249 
preheatmg, 251 
temperature, 25 1 
whey proteins. 250 
Heat treatment of milk, 10-1 1 
changes produced, 162-167 
effects on bactenal inhibitors, 209 
Havor, 348-349 
lactose, 29 
rennet clottmg, 245 
salts, 55-56 
Heavy metals, 143 
Hippunc acid, 138 
Homogenizabon, U, 2^273_ 
clusters formed by, 272 
fat globule size, 267-269 
new surface layers, 269-270 
Hormones, 139, 140 
Horse milk composibon, 149 

Human milk: 
composibon of, 149 
enzymes m, 127 
fatty acids m, 364 
gross energy of, 359 
lactofemn in, 365, 368 
hnoleic acid in, 364 
lysozyme m, 365, 368 
nutnent density of, 359-360 
nutnuve value of. 457 
ohgosacchandes in, 362 
protein composibon of, 365 
*race elements in, 396-397 
Vitamins in, 415 

Humidity, relabve, see Water acbvity 
Hjdfo^n sulfide: 


liberated by heat, 176 
m milk flavor, 345 

5 Hydroxymethylfurfural, produebon by 
heabng, 180 

Hypocholestenmc effect, 365 
Ice cream. 

composibon, 417-418 
manufacture, 287-289 
Immunoglobulins 
m blood, 119 
m colostrum, 119 
macbvabon by heat, 164 
in milk, 107, 119 
structure of, 118, 119 
fodoxyl sulfate, 138 
Infant formulas, 374 
Infrared absorpbon. 
fat, 384 
lactose, 390 
protem, 386-387 
Inositol, 372 
Interestenficabon. 165 
Interfaces, curved 215 
Interfacial tension, 212-214 
Ion acbvity m milk, 44-47 
Ionic sbength, 8, 221 
Ions, transport m mammary gland, 22 

Ketones m milk, 137, 412 

o-Lactalbuinin 

ammo acid composibon, 402-403 
ammo acid sequence, 116, 406 
charge distnbubon, 116 
concentrabon m milk, 107 
geneUc vanants, 1 15 
heat denaturabon, 171 
properbes, 108 
Lactase deficiency, 359, 361 
Lactabon, milk composibon during, 150-152 
Lacbc acid. 

nutnbve value, D- vr Lr, 375 
produced by fermentabon, 37—38 
produced by heabng, 180 
properbes of, 452 
Lactofemn, 120 
^lactoglobulin. 

ammo acid composibon, 402-403 
ammo acid sequence, 116, 406 
charge distribubon, 116 
concentration m milk, 107 
conformational changes, 1 17 
genebc variants 407 
heat denaturabon, 171 
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^lactoglobulin (Con/wuei/): 
properties, 108 > 

structure, 116 , in 
Lactones, formation by heating. 165 
Lactoperoxidase, 127, 129 
Lactose: 

chemical properties, 27-30 

crystals, 33—37, 451 

<^as5on constant, 450 

effect on absorption of metals, 361, 362 

fermentation of, 37-40 

heating effects, 29, 163 

hydrolysis of, 29 

intolerance, 359-361 

mammary synthesis, 16, 20-21 

modifications, 34 

mutarotation, 30-31 

nutritive value, 350-360 

oxidation, 28 

physicochemical properties, 30^37, 450 
quanUtation, 388-390 
solubihty, 32, 450 
specific rotation, 450 
structure, 28 
Lactose synthase, 130 
Lactulose, 2&-30. 172 
Lanthionine, 175 

Laplace pressure, at Interfaces, 215, 217, 218. 

280. 281,282 
Lecithin, 60, 69 
light 

absorption of, 190-191 
induction of flavors by, 348-349 
penetration of, 192 
scattering of, 189-190 
Linoleic acid: 

oxidation of, 347 

lipase, Upoprotein, 68, 78-83, 130-131 
inactivation by heat, 80, 172 
lipids of milk 58-97 
composition, 58-66 
compound, 69-70 
mammary synthesb of, 17-18 
neutral, 399-400 
properties of, 66-70 
Upolysis, 68, 78-83 
Upoic acid, i39. 372. 373 
liooprotein lipase, see lipase lipoprotein 
lipoprotein particles, 5-6 
Lysine loss on heating, 172 
Lysinoalanine, 175 
Lysozyme, 132 


Magnesium, quantitation, 392 
Mailiard rcaaion, 165, 172, 177-181, 

310-311 
Maltoh 
flavor, 349 

production by heating, 1 80 
Mammary gland structure, 12-14 
Marangoni effect, on surfaces. 217 
Mastitis effect on composition, 9, 153 
Membrane, fat globule, see Fat globule 
membrane 

Membrane processes, 1 ! 

MethylkeUmes, formation by heating. 165 
Methyl sulfide, 138 
Micelles, casein, see Casein micelles 
^Micrt^obulin, 120 
Microorganisms, flavors caused by, 350 
Milk composition, 1-1 1 
age of cow, 153 
breed of cow, 149, 150 
changes in, 9, 10 
changes in ducts and cisterns, 25 
correlation of constituents, 157, 158 
of individual ccrivs, 1 SO 
species differences, 148-149 
standardized, 416-417 
variability, 148-161 
whole, 416-41? 

Milk concentrates, 301-335 
reaction rates in, 310-314 
reconstitution and recombination, 331-334 
Milk fat, see Fat of minr 
Milking procedure, changes in composition 
during, 155 
Milk plasma: 
definition, 5 

physical properties, 455-456 
Milk powders, composition. 418-419 
Milk products: 
composition of, 416-422 
lipids in, 77 
nutrients In, 373-374 
Milk serum: 
delinitjon, 6 

physical properties, 455-456 
Milk structure, 3-8 

Mineral nutrients in milk, 360, 362-363 
Miscellaneous components of milk. 

135-145 

Monoglycerides, 68 
Mutaroution of lactose, 30-31 
Mycotoxins, 143 
myo-inositol, 372 
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Proteins of n^IConfmued): 

CTOSslinktsg on heating. 115 
essential amino adds in, 366 
globular, 5 

heat induced reactions in, 173-117 
mammary biosynthesis of, 1&-20 
nutritive value of, 365-368 
proportions in milk, 106-101 
quantitation of, 384-388 
transport in mammary gland, 22-23 
Protein preparations, 323-327 
composition. 324 
flavor, 327 

functional properties, 326>331 
nutritive value, 326-321 
solubility, 325, 327 
types, 323 - 

Pr^ose-pteptooes 
components of, 121 
concentration in milk, 107 
effect of heating 174 
P>'rido*al, see Vitamin milk 

P^doxamine, see tn milk 
Pyridoxin, see Vitamin Bj in milk 

Quarg, composition, 421^22 

Radionuclides, 143-145 
RatKidityt 
hydrolytic, 83. 350 
oxidative, 85 

Recalculation of analyses, 360-381 
Recombination of concentrates. 331-334 
Recombined fat globules. 273 
Reconstitution of concentrates, 331-334 
Redox potential (Ej). 197-201 
effect e4 beat treatment, 164, 203 
formulation, 197, 198 
cpfrailk,199 

relation to ascorbate, 199-200 
relation to Oj content, 19W00 
relation to pll, 198, 199 
reUuoo to riboflavin. 200-201 

relation to thiols. 201 

t4 various lysletra, 199 
Redox rtaetions, 201-206 
effect of beat treatment. 202 
capacity of miH. 203 
effect of beatiBg on. 180 
Refractive bdei, 188-189 
“*=“*«*» of mia eontwneou to, 188 
cfcuartt.454.4J6 
c4 mZk fractjoess, 456 
Remdeer tsil coc^posnion. 149 


Rennet, see Chymosia 
Rennetability, 160 
Renneting. 237-246 
stages in, 237-238 
Rennin, seeChymosin 
Retmol. see Vitamin A in milk 

Rheological properties, 290-300 
of gels. 294-297 
of mak fat, 295-299 
Newtoruan, 290-292 
Non-Newtonian, 292-294 
Riboflavin in milk, 360, 370 
Ribonuclease, 131 

Salts of milk, 3, 42-57 
association constants of. 453 
changes in, 53-56 
colloidal composition oC 42-47 
dissolved, 47-51 

partition, dissolved vs. colloidal, 391 
quantitation of, 391-393 
temperature influence on. 55-56 
Sampling for analysis, 377-378 
Separation, 11 
Serum of milk, 5 
Sheep milk composition, 1 49 
Size distributions, 226, 227 
of casein micelles, 231-233 
of fat globules, 254-257 
Skim milk, separated, composition, 416-417 
SmoluchovskTs equation, re flocculation, 224 
Solids, analyses for. 381-382 
Solids-not-fat, analyses for, 381-382 
Solubility producu of salts, 452 
Sorption isotherms, 301-303 
Specific gravity, 186-188 
Specific heat 
concentrated milk, 456 
cream, 456 
mnk.4S6 
milk fat. 454, 456 
Biilk fractions, 456 
Sphingom>clin, 61, 69. 70 
Steric repulsion, 223-224 
Sterilization, 167 
Sterdd hormones, 140 
Sterols, 61 

. |'^P"»®c‘«effatglobules.227,267-268 

'•eloeity. of creaming. 273 
:»u3rch ^ Segelcke rule (for rennet clotting). 

243 

Streaming. 225. 226 
^ulfhydryl oxidase. 127, 129 
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Sulfur compounds, 138, 139 
Superoxide dismutase, 127, 129, 130 
Surface area, 227 
of fat globules. 257,267 
Surface cheimstry, 211-218 
Surface potential, 221 
Surface tension, 211, 212 
gradients in, 217-218 
Sweetened condensed milk, 315 
composition of, 418-419 
Syneresis of rennet clots, 243-245 

Taunne, 139, 372, 373 
Tbermization, 166 
Thiamm m milk, 360, 370 
Thickening, see Age gelation 
Thioctic acid, see Lipoic acid 
Thiocyanate, 139 
Thiols (sulfhydryls) 
formation by heat, 164 
oxidaUon to disulfide, 175, 176 
Titratable acidity, effect of heat on, 163 
Trace elements, 136 
cow’s vs human milk, 396-397 
quantitation of, 392 
Transferrin, 120 

Transport processes, m mammary gland, 21-23 
Tnglycendes, neutral, 66-68 

Ultrafiltrauon. 11, 321-322 
Ultra-high temperature pasteunzation, 167 
Urea, 138 
Unc acid, 138 

Van der Waals forces, 21 8, 222 
Variation m milk composition, 8-10, 146-161 
coefficients of, 156, 157 
consequences of, 159-161 
extent of, 155-159 
mterspecies in, 147-149 
sources of, 146-155 
Viscoelastic behavior, 295 
modulus, 296 
Viscosity, 290-294 
heat effects on, 165 
of milk fat, 454-455 
of milk fractions, 455 
Vitamin A m nulk. 61 360, 368-369 
Vitamin B|, see Thiamin in milk 


Vitamm B?, see Riboflavm m milk 
Vitamm Bg in rmlk, 360, 371 
Vitamm B ]2 m rmlk, 360, 372 
Vitaimn C, see Ascorbic acid 
Vitamm D content of milk, 360, 369 
Vitamm K, 370 
Vitamm E m milk, 360, 370 
Vitamms m rmlk: 
cow’s vs human, 415 
degradation by heat, 165 

Water, density, 455 
heat conductivity, 456 
refractive mdex, 456 
specific heat, 4S6 
viscosity, 455 
Water acuvity, 8, 301-303 
effect on growth of bacteria, 310-313 
ascorbate degradation, 310 
enzyme acUvity, 310-313 
lactose crystallization, 312 
hpid oxidation, 310, 311 
Maillard reaction. 310 
protem deoaturation, 31 1 
of milk products, 309 
Water bmdmg, 304-307 
Whey composition, 416-417 
Whey powder, composition, 420-421 
Whey proteins 
concentration m milk, 107 
foammg of, 282 
quantitation of, 387-388 
separation of, 1 14, 115 
solubility of, 163, 172 
Whippmg, 284—287 

Xanthine oxidase, 127, 128 

Yak milk composiUon, 149 
Yield of dairy products, dependence on 
composition, 159 
Ymcr, composition, 421-422 
Yogurt, composiUon, 420-421 
flavor of, 353 
volaUle compounds in, 353 
Young's equation (re contact angle). 216 

Zebu rmlk composiUon, 149 
Zeta potenUaJ, 221 
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